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foreword 


This is the second of a series of quarterly publications covering significant 
developments in. the field of solid reactor core materials. Like the first, it 
is a compilation of reviews of specialized topics prepared by staff members 
of Battelle Memorial Institute at the request of the Division of Information 
Services of the U. S. Atomic Energy Commission. 

The purpose of this review series is to provide a convenient condensed 
source of information to two types of readers: (1) those who wish to keep 
abreast of developments in a general way and (2) those interested in learning 
where to find detailed accounts of work in particular areas. Complete bibliog- 
raphies are provided at the end of each section for the benefit of the latter. 
Coverage has been limited to those core materials which are solid at reactor 
operating temperatures. 

In writing this report the authors have concentrated on recent significant 
advances and new concepts with good promise. Wherever possible, develop- 
ments in different laboratories along similar lines have been brought together 
into correlated reviews. 

To improve readability, this issue has been organized somewhat differently 
from the first. One change is the addition of a separate section to treat clad- 
ding and structural materials. Further, two sections in the first report, cor- 
rosion and radiation effects, have been eliminated and information in these 
subject areas incorporated in other sections of the Review where particular 
materials are discussed. 


R. W. DAYTON 
E. M. SIMONS 
Battelle Memorial Institute 








ii 


24 
28 








contents 





20 





Il 
iil 


Foreword 

Fuel and Fertile Materials 
Moderator Materials 

Control Materials 

Cladding and Structural Materials 
Special Fabrication Techniques 


Issued quarterly by the U, S. Atomic Energy Commission, Use of funds for printing this publication 
approved by the Director of the Bureau of the Budget on November 1, 1957. 


SUBSCRIPTIONS 


REACTOR CORE MATERIALS is available on subscription for $2.00 per year domestic, $2.50 for- 
eign, 55 cents per copy, through the Superintendent of Documents, U. S. Government Printing 
Office, Washington 25, D. C. 




















REACTUR CORE MATERIALS 


FUEL AND FERTILE MATERIALS 





Unalloyed Uranium 


Heat-Treatment and Irradiation Studies 


Du Pont, in studies involving the beta trans- 
formation of uranium,’ found that the rate of 
loss of preferred orientation during heat-treat- 
ment at low beta-phase temperatures was 
markedly less than the rate of coarsening of 
grains. To explain the difference, it was postu- 
lated that halting the transformation at an 
intermediate stage by cooling leaves residual 
alpha-phase metal to act as nucleation centers 
for the regrowth of an oriented but large- 
grained structure. Intermediate size grains 
were produced by halting the transformation of 
small-grained metal at an early stage. A sim- 
ilar interruption of the transformation of in- 
itially large-grained metal did not result ina 
significant refinement of grain size. 

Results of a recent investigation at Hanford’ 
suggest that, on rapid cooling, uranium under- 
goes a martensitic beta-to-alpha transforma- 
tion. These results support other documented 
evidence. Many of the arguments opposing such 
a mechanism stem from assuming a shear 
hypothesis for martensitic transformation, 
which permits no depression of the transforma- 
tion point by increased cooling rates, and from 
the nature of the transformation during slow 
cooling where diffusion would be expected to 
predominate. 

Further difficulty in understanding the true 
nature of the beta-to-alpha transformation 
arises from the complexity of grain formation. 
Grain growth might occur by a combination of 
diffusion and nondiffusion mechanisms to sat- 
isfy valence-bonding and close-packing require- 
ments of the atoms simultaneously. It has been 
suggested that subgraining, prominent in alpha 
grains, results from combined polygonization 
and nuclei rotation. As a result uranium cooled 





at moderate rates through the transformation 
point should exhibit less distortion and more 
subgraining due to polygonization than uranium 
cooled at much faster rates. 

It is significant that a wide range of struc- 
tures with varying grain size, symmetry, and 
deformation can be obtained by controlling the 
cooling rate through the beta-to-alpha trans- 
formation. Further knowledge of the effects of 
these variants on the mechanical properties of 
uranium are -required before optimum heat- 
treatments can be specified. 

Since thermal cycling and irradiation be- 
havior and the fabrication characteristics of 
unalloyed uranium are strongly dependent on 
grain size, the current interest in the use of 
as-cast fuel material has been responsible for 
several sites investigating the effectiveness of 
heat-treatment as a means of refining as-cast 
structures. One of these studies, performed at 
Nuclear Metals, Inc.,* resulted in the following 
conclusions being drawn. 


1. The grain size of cast uranium may be 
refined appreciably by beta quenching. 

2. Time and temperature in the beta phase 
are not critical in determining the final alpha 
grain size. 

3. Multiple beta quenches (two to four times) 
produce better grain refinement than a single 
quench. 

4. Alpha annealing after beta quenching causes 
recrystallization but does not greatly affect the 
grain size. 

5. Gamma quenching is not recommended as 
a practical heat-treatment. 


Additional work at National Lead Co. on 
centrifugally cast metal confined itself to the 
beta heat-treatment.‘ The results confirmed the 
increased grain refinement of multiple quenches 
and aiso indicated that the magnitude of grain- 
size changes (some coarsening was observed) 
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depended on level of impurity content. Iron and 
manganese were cited. A tabulation of the ef- 
fects noted is shown below: 


Concentration, 
Impurity ppm Effect noted 
Iron 0-40 Significant refine- 
ment 
41-100 Little refinement 
> 100 No significant re- 
finement 
Manganese 0-20 Significant refine- 
ment 
>20 Grain coarsening 
indicated 


Argonne® has performed experiments on the 
effects of high burn-up of natural uranium. 
The metal was irradiated to 1.82 at.% (15,500 
Mwd/ton) burn-up at temperatures from 50 to 
220°C. Specimens had four different fabrication 
histories: 

1. Rolled at 300°C 

2. Rolled at 300°C, quenched from beta phase 

3. Rolled at 300°C, quenched from the beta 
phase, and recrystallized in the alpha phase 

4. Rolled at 600°C 


Samples of Group 1 grew at a rapid rate (under 
irradiation), although they maintained relatively 
smooth surfaces. The growth rate appeared to 
decrease with increasing irradiation tempera- 
ture. Group 2 specimens were more stable 
dimensionally but developed roughened sur- 
faces. Group 4 samples showed intermediate 
behavior. Specimens of Group 3, it was con- 
cluded, can withstand at least 2 at.% burn-up 
without disintegration due to radiation damage. 

English investigators® have studied the ef- 
fects of heat and pressure on the swelling of 
irradiated uranium. Small pieces of uranium 
bar which had been irradiated to 0.3 to 0.4 at.% 
burn-up were heat-treated eitherin vacuo or at 
high pressures, and changes in their density 
were measured. On heating in vacuo the volume 
was found to increase initially by about 2 per 
cent at 575°C and about 5 per cent at 810°C. 
The swelling increased to as much as 15 per 
cent with various cycling treatments in vacuo 
but was reduced by subsequent annealing under 
pressure. Examination of the microstructure 
of the swollen metal showed gas collected in 
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voids less than 2000 A in diameter and some 


cracks, their total volume being sufficient to [| 
account for the swelling. The majority of the | 


volume increase is attributed to the smaller 


. bubbles. The initial swelling was found to be 
due to*this formation of bubbles of fission gas 7 
within the uranium; the presence of irradiation, 


other than to produce the rare gases by fission, 


is not essential for swelling to occur. This ; 


work is discussed in more detail on pp. 16-17 


occur in the first 0.02 wt.% burn-up (Fig. 1). 
This work also has shown that annealing above 
760°C will produce recovery of elongation of 
irradiated uranium with 0.07 and 0.10 at.% 
burn-up. Recovery was also observed in low 
burn-up specimens annealed in the alpha range. 
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Fig. 1—Room-temperature properties of irradiated 
uranium; effect of exposure. 


This is the first observed recovery inirradiated 
uranium. Pre- and postirradiation metallo- 
graphic examinations of the same areas have 
been partially completed on uranium specimens 
irradiated to 0.03 and 0.07 at.% burn-up. The 
type and degree of damage varied from little 
or none to broadening of twins, grain-boundary 
agglomeration, and formation of microcracks. 
Fractographs of a broken irradiated-uranium 
tensile specimen showed that the specimen had 
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a surface similar to that observed in unirra- 
diated impact specimens broken at —200°C. 
(M. S. Farkas) 


Corrosion Mechanisms 


The reaction of superheated steam at atmos- 
pheric pressure with unalloyed uranium at 
temperatures ranging from 160 to 1400°C has 
been studied by a thermogravimetric method at 
Harwell.’ Up to 880°C the reaction was found 
to follow a linear rate law, with maximum rates 
of 2.7 and 6 mg/(cm’)(min) at 300 and 750°C, 
respectively. Above 880°C a parabolic rate 


| law applied for the first 60 to 120 min, after 


which the corrosion rate became constant at 


| about 0.2 to 0.3 mg/(cm*)(min), corresponding 


to the rates at about 200°C. After testing, ura- 
nium hydride was observed at grain boundaries 
in the specimens subjected to the latter treat- 


| ment. 


Linear rates at temperatures below 450°C 
were explained on the basis of the generally 
accepted theory that the intermediate produc- 
tion of a reactive hydride in the corrosion 
process is unlikely to lead to the formation of a 
protective film. Above 450°C the formation of 
hydride is improbable. The high rates observed 
in the 450 to 880°C range were believed to be a 
result of the surface area increasing during 
corrosion. Above 880°C it was believed that a 
protective oxide film formed during the initial 
period. Stresses in the oxide film caused crack- 
ing when it reached a certain critical thickness. 
The oxide layer adjacent to the metal remained 
intact, but the outer layer became nonprotec- 
tive. The rate was then controlled by diffusion 
through an oxide layer of fixed thickness. This 
explained the initial parabolic rate followed by 
a linear rate. 

_ The diffusing species was believed to be 
hydroxyl ions from a chemisorbed complex of 
water vapor formed on the uranium oxide at the 
steam-oxide interface. The hydroxyl ions, 
rather than oxygen ions, then diffused through 
the oxide film to the uranium oxide interface. 
There the hydroxyl ions reacted with uranium 
to form more oxide and liberate hydrogen. 
Some of the hydrogen then dissolved in the 
gamma uranium. When the specimen was cooled 
to room temperature, the hydrogen solubility 
in the alpha uranium was exceeded and hydrides 
precipitated out at the grain boundaries. 

(W. E. Berry and A. W. Lemmon, Jr.) 
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Alpha-Uranium Alloys 


A Chalk River® loop test on defected diffu- 
sion-annealed Zircaloy-2 coextrusion-clad 
specimens of a uranium-2 wt.% zirconium al- 
loy has been completed. The object of the test 
was to determine if a defected specimen could 
be detected soon enough to allow time for re- 
actor shutdown before catastrophic failure. 
Conclusions were reached by testing the above- 
mentioned specimen. The diffusion anneal was 
performed at 800°C for 24 hr, followed by 
furnace cooling; the interfacial diffusion layer 
varied from 0.002 to 0.005 in. The clad was 
then defected with a 0.020-in.-diameter hole. 
Irradiation took place at 500°F. 

Results of the test show the following: 

1. Corrosion of the uranium will occur, anda 
compact layer of uranium oxide will be formed 
at the base of the defect. As the corrosion 
process continues, the accumulated oxide will 
force the clad into a small pimple. This may 
take 1 or 2 hr, or many hours, depending on 
the strength of the cladding. During this time, 
the presence of the oxide undoubtedly hampers 
the access of the water to the metal, and the 
corrosion rate is determined by the rate water 
can diffuse through the compact oxide. 

During this time, no detectable fission prod- 
ucts are released to the circulating water, and 
hence there is no way of telling a cladding 
failure has occurred. 

2. After a certain time the pimple will rup- 
ture, releasing accumulated oxide and fission 
products to the water and giving a sharply 
rising signal on monitors in the stream. The 
rupture may be brought about by thermal cy- 
cling. After the rupture, water has free access 
to the core metal and rapid corrosion will 
occur. 

3. If, from the time the signal is received, 
the circulating water is cooled to a tempera- 
ture below 300°F in less than 30 min, no ex- 
tensive damage will have resulted, and the fuel 
element may be removed from the loop or 
reactor. Argonne’ reports that 1 at.% burn-up 
apparently does not affect the protective action 
of the diffusion barrier. 

Aqueous corrosion tests on uranium-5 wt.% 
zirconium-—2 wt.% tantalum were performed at 
Argonne.’ The alloy was tested after various 
heat-treatments and after rolling. It was found 
that, in general, the alloy is not corrosion re- 
sistant. The corrosion behavior of quenched 
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and of quenched and aged alloys is presented in 
Table I-1. It is suspected that the alloys were 
inhomogeneous. 

Constitution studies are being performed by 
the British'® and Argonne’ on the high-uranium 


Table I-1 AQUEOUS CORROSION OF URANIUM— 
5 WT.% ZIRCONIUM—2 WT.% TANTALUM AT 290°C 
(ARGONNE DATA’) 





Average rate of weight loss, 
mg/(cm’)(day) 





Test interval, Quenched Quenched and aged 
days from 1070°C at 400°C —1 hr 
3.75 16.1 14.1 


6.0 31.6 230 





end of the uranium-ruthenium phase diagram. 
Some observations from this work are: 

1. The solidus and liquidus of the uranium- 
rich uranium-ruthenium alloys are depressed 
5 and 1°C, respectively, for 1 at.% ruthenium 
addition.'° 

2. A eutectic occurs’® at 900°C and 18 at.% 
ruthenium, between uranium and an intermetal- 
lic compound (U,Ru). 

3. The alpha-to-beta and beta-to-gamma 
transformation temperatures are lowered by 
ruthenium.'® 

4. The solubility of ruthenium in gamma 
uranium is approximately 10 at.% at 900°C, 
the solubility in alpha being considerably low- 
er.'° 

5. Gamma is retained on quenching a ura- 
nium-5 wt.% ruthenium alloy, the lattice pa- 
rameter’ being 3.46 A. 

6. The beta-to-gamma transformation tem- 
perature’ is reported as 708 + 2°C. 

7. The gamma-to-liquid transformation takes 
place® at 898 ¢ 2°C. 

Several recently published papers and mono- 
graphs covering the field of alpha-uranium 
alloys''“'3 are worthy of attention by readers 
having a general interest in the background 
technology. (M. S. Farkas) 


Gamma-phase Uranium Alloys 


In connection with the beneficial effects of 
zirconium in uranium-niobium alloys, Argonne"‘ 
has issued a report of studies of the constitu- 
tion of the uranium-rich portion of the uranium- 
niobium and uranium-niobium-zirconium sys- 
tems. The ternary system 


is of particular 


interest since it is found that the miscibility © 
gaps in the binary systems close with the ad- 

dition of the third element and that the addition | 
of both zirconium and niobium stabilizes the 

body-centered-cubic gamma phase to lower 
temperatures than in the binaries. It is also 

reported that the gamma phase can be retained | 
in alloys richer in composition that those be- 
tween the uranium-6 wt.% niobium and ura- 
nium —25 wt.% zirconium compositions. 

Ames'® is engaged in bomb-reduction studies 
of the preparation of uranium-niobium alloys 
by coreduction of UF, and Na,NbOF, with cal- 
cium. Contaminant analyses have been erratic, 
but nitrogen and carbon contents have been 
found to exceed allowable limits of 200 ppm. 


ile 


Uranium-Molybdenum Alloys 

A summary of irradiation and corrosion be- 
havior of bare uranium alloys containing 9 to” 
15 wt.% molybdenum has been issued by the 
Naval Reactors Branch.'* Uranium-molybdenum 
alloys have shown excellent dimensional sta- 
bility, although irradiation temperatures were 
not carried beyond 800°F and burn-ups were 
limited to 0.5 at.%. 

A summary report of irradiation data has — 
been prepared by Bettis.'’ Volume changes ac- 
companying irradiation are summarized in Fig. 
2. Maximum density decreases of 4.4 per cent 





at an exposure of 8800 Mwd/ton at tempera-° 
tures below 428°C in bare specimens, and of 
4.3 per cent at 28,200 Mwd/ton at core tem-_ 
peratures to 654°C in the clad specimens, | 
were noted. Splitting accompanied the latter) 
density changes, and no significant effect + 
temperature was noted. 

Bettis also reports'’ that density, nandneen, | | 
and electrical-resistivity changes in irradiated 
alpha-transformed uranium-molybdenum alloys 
indicated radiation-induced reversion to the’ 
gamma phase. Hardness and electrical-resis-| 
tivity changes in gamma-quenched samples | 
approached a saturation limit. A maximum | 
hardness change of 90 DPH was noted after an 
exposure of 8000 Mwd/ton. 

Room-temperature bend tests of irradiated| 
gamma-quenched 10.5 and 12 wt.% molybdenum| 
samples indicated sharply reduced ductility) 
after an exposure of 700 Mwd/ton. However, 
molybdenum appears to improve resistance to) 
radiation-induced embrittlement, complete em-| 
brittlement of unalloyed uranium resulting at 
exposures as low as 65 Mwd/ton. 
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Radiation produced no significant changes in 
corrosion rates of gamma-quenched uranium- 
molybdenum alloys in 650°F water. However, 
the failure time for unclad specimens was re- 
duced, uranium-12 wt.% molybdenum samples 
irradiated to a maximum exposure of 2000 Mwd/ 
ton disintegrating in 650°F water in one to 
seven days as compared with 66 days for un- 
irradiated control specimens. Clad samples 
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Bettis also reports" that graphite molds can 
be employed to cast successfully the uranium — 
12 wt.% molybdenum alloy in shapes approxi- 
mately 2 in. in diameter and 26 in. long while 
maintaining alloy homogeneity to +0.3 wt.%. 
The density of the cast alloy is increased, by 
consumable-electrode arc melting, by about 
0.05 g/cm’ above the average of 16.88 for the 
induction-cast material. 
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Fig. 2— Volume changes as a result of irradiation. Compiled by Bettis." 


irradiated to exposures of approximately 5000 
Mwd/ton, defected and corrosion tested, showed 
no change in corrosion life. In-pile corrosion- 
tested clad and defected samples withstood 
exposures to 4000 Mwd/ton in hot-water loops. 

Harwell has also studied uranium-molybde- 
num alloy corrosion employing 4, 7, and 13 
wi.% molybdenum alloys. Failure in 300°C 
(570°F) water by cracking and crumbling was 
observed in these alloys, with hydride forma- 
tion apparently being responsible for the dis- 
integration. This observation parallels other 
reported observations of failure by hydride 
formation in these alloys. Increasing the mo- 
lybdenum content increased the corrosion re- 
sistance, but failure still occurred in 30 to 40 
days at 300°C in the 13 wt.% alloy, although the 
initia] rate of corrosion was low. 


A bibliography of reports concerned with the 
uranium-molybdenum program has been is- 
sued.'® 


Ternary Alloys 


Corrosion results on bare uranium — 23.8 wt.% 
zirconium -—6.1 wt.% niobium and 23.2 wt.% zir- 
conium—4.8 wt.% niobium alloys in 680°F water 
are reported by Battelle.”® After 1515 hr the 
first alloy is corroding at a rate of 0.04 mg/ 
(cm’)(hr) in the quenched and 500°C aged con- 
dition of heat-treatment, whereas specimens of 
the latter alloy are corroding at rates varying 


from 0.10 to 0.28 mg/(cm’)(hr), depending on 
heat-treatment. It appears that the niobium 
additions stabilized the uranium-zirconium 
gamma phase. 





Preliminary 500°F water-corrosion test re- 
sults from a study of ternary and quaternary 
gamma-phase alloys containing niobium, zir- 
conium, molybdenum, ruthenium, vanadium, and 
chromium additions are also reported.”° 

(A. A. Bauer) 


Epsilon-phase Uranium Alloys 


Uranium-Zirconium Alloys 


A report by Naval Reactors Branch person- 
nel'® summarizes uranium-zirconium alloy ir- 
radiation and corrosion behavior. Uranium-—40 
to 60 wt.% zirconium alloys irradiated at tem- 
peratures up to 700°F and burn-ups of 0.5 at.% 
have shown Satisfactory irradiation and cor- 
rosion behavior. However, increasing the ura- 
nium content leads to greatly impaired cor- 
rosion resistance. This conclusion is supported 
by Harwell, uranium -—30 and 40 wt.% zirconium 
alloys being reported to fail rapidly in 300°C 
water while a 50 wt.% alloy showed no signs of 
cracking after being on test for 35 days. 

Battelle has reported on the corrosion be- 
havior in 680°F water of Zircaloy-2-clad 
uranium-50 wt.% zirconium elements with ar- 
tificial defects. Specimens survived more than 
588 days of exposure in 680°F water with no 
evidence of bondline attack or catastrophic 
failure of the core. Attack of the core was 
dependent on corrosion rate of the bare alloy. 

Sylvania has studied hydrided uranium -—50 
wt.% zirconium epsilon-phase samples by X ray 
and metallographic means. It appears that hy- 
drogen converts epsilon to a mixture of zir- 
conium hydride and uranium or uranium hy- 
dride.”! 

Battelle, in studying the constitution of the 
uranium-zirconium-titanium system, finds that 
U,Ti and epsilon exist together in equilibrium 
at temperatures below 560°C. 


Urenium-Silicon Alloys 


The corrosion and irradiation behavior of the 
vranium-silicon epsilon-phase alloy is sum- 
marized in Bettis'’ and Naval Reactors Branch" 
reports. Samples irradiated bare have exhib- 
ited density decreases of almost 4 per cent 
after exposures slightly in excess of 100 Mwd/ 
ton, with little additional density decrease ac- 
companying exposures to 1100 Mwd/ton. The 
dimensional instability of U,Si is characterized 
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by bending, cracking, and blistering of fuel 
samples. The instability is probably related to 
inhomogeneity of the alloy specimens. 

The density decrease observed is believed to 
occur by<disordering of the epsilon phase. This 
view is supported by resistivity changes meas- 
ured, the resistivity increasing markedly and 
exhibiting a negative temperature coefficient 
typical of gamma-phase alloys. X-ray diffrac- 
tion data show that a marked reduction in 
crystallite size accompanies exposure to ra- 
diation, rendering the crystal pattern too dif- 
fuse to yield a diffraction pattern. These data 
may also indicate that a disordering of the 
epsilon phase has occurred since a specimen 
whose surface was disordered by abrading ex- 
hibited a consequent diminution of peak intensi- 
ties in its diffraction pattern. 

Irradiation to iow exposures caused samples 
of epsilonized uranium —3.8 wt.% silicon to lose 
essentially all corrosion resistance to 650°F 
water; irradiated samples disintegrated in 22 
hr as compared with 84 days for control sam- 
ples. An exposure as low as 105 Mwd/ton in- 
creased the hardness of the epsilonized alloy 
by 215 DPH. The stress accumulation accom- 
panying this hardness increase is probably 
responsible in part for the cracking observed 
under irradiation. 

The problems of preparing homogeneous U,Si 
samples with the precise composition neces- 
sary for good corrosion resistance and of the 
interaction of U,Si with Zircaloy during clad- 
ding have been studied at Nuclear Metals.”*»?® 
Little success in eliminating these drawbacks 
is indicated. Whether the effects of antimony 
and bismuth in broadening the epsilon-phase 
region are beneficial is questionable since 
chemical analyses for silicon were uncertain. 

(A. A. Bauer) 


Dilute Uranium Alloys 


Aluminum-Uranium Alloys 


The centrifugal-casting technique appears 
promising as a methcd for the production of 


sound, homogeneous aluminum-uranium alloy . 


extrusion billets. Battelle’®** has found that 
this technique produces sound metal; however, 
surface condition of the casting is dependent 
on pouring temperature and speed of mold ro- 
tation. To date, a speed of 975 rpm has pro- 
duced the best results. Variations in uranium 
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content may exist from end to end in the cast- 
ings produced. This is a function of the metal 
distribution system, and several techniques of 
improving this distribution are being investi- 
gated. 

Alloys containing 16, 30, and 40 wi.% ura- 
nium have been successfully coextruded by 
Nuclear Metais.”® Cladding of magnesium-alu- 
minum alloy (outer clad 3 wt.% magnesium, 
inner clad 5 wt.” magnesium) has been used 
with the aluminum --35 wt.% uranium alloy. The 
tube surfaces and the bond appeared good; 
however, the taper defect at the core-to-end 
seal interface was longer than that obtained 
with the aluminum clad. 

Battelle*’»*4 reports that additions of silicon 
in amounts up to 1 wt.% have little or no effect 
on the liquidus line of alloys containing up to 
45 wt. uranium. This is also true of magne- 
sium in the range of 0.5 wt.%. Oak Ridge”® has 
determined that soaking the 48 wt.% uranium 
alloy at 600°C. for 50 hr or more weakens the 
alloy and does not improve the hot-rolling 
properties. After a 4-hr soak at 600°C, the 
eutectic UA], isalmost completely spheroidized. 
Treatments of slightly longer than 4 hr resulted 
in complete spheroidization. 

In view of the possibility of using ternary 
aluminum-uranium-thorium alloys as liquid fuel 
in U**3 breeder reactors, Iowa State College?’ 
studied the aluminum-rich corner of the ternary 
diagram. Data indicate that the ternary eutectic 
valleys of the aluminum-uranium and aluminum- 
thorium systems meet in the neighborhood of 
76 wt.% aluminum, 18 wt.% thorium, and 6 wt.% 
uranium. The solidification temperature of this 
ternary eutectic is 630°C. There also seems 
to be a rather wide range of compositions of 
uranium and thorium in aluminum, varying from 
13 wt.% uranium at zero wt.% thorium to zero 
wt.% uranium at 25 wt.% thorium, that can be 
maintained as a one-phase liquid solution at 
temperatures lower than 640°C. 


Zirconium-Uranium Alloys 


Bettis has reviewed the irradiation data 
available on uranium-zirconium and reached 
some interesting conclusions. A study of Knolls 
data on alloys containing between 7 and 40 
wt.% uranium at temperatures between 380 and 
690°C and at burn-ups between 0.7 and 4.5 at.% 
indicates that, below 600°C, the volume change 
is that which would be expected from normal 


accommodation of fission products (2 to 3 per 
cent). This is the case whether the tempera- 
ture is cyclic or constant. Above 600°C the 
volume increase is about five times normal at 
constant temperature and about 20 times nor- 
mal under cyclic conditions. These specimens 
exhibit microporosity and cracking at the center. 
The 22 wt.% uranium alloys irradiated by 
Battelle indicate that heat-treatment had no 
effect on the irradiation stability. These ir- 
radiations were at center temperatures of 
about 400°C and at burn-ups of approximately 
1 at.%. Little or no change was noted in the 
specimens after the irradiation. It is theorized 
that if many interphase interfaces were present 
these would provide for nucleation of gas bub- 
bles which should be distributed uniformly 
throughout the specimen. The 7 wt.% uranium 
alloys do not seem to show as great an irra- 
diation-induced volume increase as the alloys 
of higher uranium content. The data reported 
indicate that there may be a critical tempera- 
ture above which excessive swelling occurs. 
Below this temperature lattice accommodation 
and possible formation of gas bubbles are con- 
strained by metal matrix. Above this tempera- 
ture the metal yields, permitting expansion. 
Knolls reports that after a burn-up of 1.67 
at.% five specimens of a zirconium-7 wt.% 
uranium alloy, Zircaloy-3 clad, exhibited ex- 
cessively heavy crud deposits on the cladding 
and about twice the volume and length changes 
experienced in previous tests under similar 
burn-ups. Temperature checks were run, and 
it was determined that maximum core tempera- 
ture was on the order of 923°F. This would 
account for the crud and growth. The tests did 
indicate that the fuel element will perform 
satisfactorily under design operating conditions. 
During static irradiations in NaK, 5 of 14 zir- 
conium-7 wt.% uranium reference pins exhib- 
ited cladding cracks after burn-ups in the 1 to 
2 at.% range. Since the behavior of cladding in 
similar specimens irradiated under dynamic 
conditions is generally satisfactory, it is theo- 
rized that the NaK may be responsible for the 
cracking of the clad. This is being investigated. 
Bettis reports that Zircaloy-3-—clad alloys 
of 5.5 wt.% uranium, containing 0.06 to 0.113 
wt.% boron, exhibit volume changes between 2 
to 3 per centper at.% burn-up. These specimens 
received burn-ups of 1.58 and 1.76 at.% at 
temperatures from 190 to 372°F. Another 
specimen of the alloy was irradiated to a burn- 
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up of 2.74 at.% at 320°F and underwenta volume 
change of between 5.4 and 6.4 per cent per at.% 
(temperatures and burn-ups reported were cal- 
culated). Combustion Engineering is irradiating 
Zircaloy-2—clad alloys containing 8 and 12 wt.% 
uranium in NaK-filledcapsules. These capsules 
have been charged into the Materials Testing 
Reactor (MTR), and tests are now in progress 
on the nonirradiated control samples. 

As a result of experiments designed to test 
the effect of irradiation on fuel-element proper- 
ties, Knolls reports initial-data which indicate 
that, at least in the case of the 12 wt.% ura- 
nium alloy, hydrogen content increases with 
increase of irradiation time in water. Small 
amounts of NaCl in water do not affect the 
corrosion resistance of the fuel alloy. It would, 
therefore, appear that small amounts of sea 
water might be tolerated. These tests alsc 
show that exposure to NaK prior to water cor- 
rosion changes the corrosion behavior in water. 

A study of both 7 and 8 wt.% uranium alloys 
irradiated at a number of burn-ups and given 
a postirradiation annea.: shows that physical 
changes in the material as a result of the an-~ 
neal become more gross when the materia! 
has received more than 1at.% burn-up. Bettis” 
reports alloys containing 6, 8, 10, and 12 wt.% 
uranium were irradiated, both clad and unclad, 
in NaK capsules to a maximum burn-up of 40 
per cent of the U**® atoms. There were no 
major changes in the clad samples; however, 
the unclad samples were badly warped and the 
dimensions changed considerably. 

Fuel elements containing zirconium-12 wt.% 
uranium alloy clad with Zircaloy-3 were tested 
by Knolls in a loop and were subjected to an 
equivalent full-power flux for 6860 hr (burn-up 
2.4 at.%). There was no detectable cracking 
before decrudding, and little or no wear was 
noted. These elements will be examined fur- 
ther. (R. F. Dickerson) 


Plutonium Alloys 


Unalloyed Plutonium 


Zone refinement is being studied as a method 
of purification of plutonium at Los Alamos.”® 
The reported procedure was to pass an induc- 
tion coil along an extruded rod 0.25 in. in 
diameter by 6 in. long contained in a thoria 
boat under vacuum. Passing the coil along the 
rod at 0.5 in./hr was more effective than 1.3 
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in./hr, giving considerable cleanup of inclu- 
sions. Based on these tests, the process ap- 
pears capable of lowering the amount several 
impurities including silicon, iron, nickel, chro- 
mium, manganese, and perhaps others. 


Plutonium -Aluminum 


Research cn aluminum-rich alloys is re- 
poried, based on production of slugs for ir- 
radiation at Chalk River*® and for the Plutonium 
Recycle Test Reactor (PRTR) program at Han- 


ford.*' The constitution and metallurgy of alu- 


minum-plutonium alloys are quite similar to 
those of aluminum-uranium alloys. Thus this 
work benefits greatly from the uranium ex- 
perience. 

Two methods of making the alloys by co- 
reduction have been developed. The first method 
is to reduce plutonium fluoride with aluminum.*® 
Best results were obtained at 900°C, using 
charges containing 30 to 60 g of plutonium. 
Yields of 98 per cent were obtained. These 
reductions were carried out in vacuum, and the 
reaction rate at 900°C, where aluminum mono- 
fluoride is volatilized, is five times that at 
1125°C, where aluminum trifluoride is voia- 
tilized. 

The second method of coreduction consists 
of reduction of plutonium dioxide with alumi- 
num. First tests®*® indicated that reaction is 
retarded by formation of a barrier of Al,O;. 
Cryolite was then charged to dissolve the 
Al,O,. The process has gone through various 
steps of development using the cryolite addi- 
tion. The present process consists of adding 
powdered PuO,-cryolite mixtures to a cold 
graphite crucible. After addition of the alumi- 
num and a covering layer of cryolite, the as- 
sembly is heated 15 min at 1200°C and cooled. 
The plutonium yield on routine production of 
aluminum-—3.7 wt.% plutonium alloy batches 
containing 30 g of plutonium is consistently 
better than 99.5 per cent.*® The composition is, 
of course, controlled by addition of the ap- 
propriate excess of aluminum. The process 
has also been adapted for the production of 
slugs for the PRTR.” 

Plutonium-aluminum alloys have also been 
made successfully by addition of plutonium to 
molten aluminum in open pot type furnaces.” 
The plutonium is protected from oxidation by 
submersion in the aluminum, and any oxide 
present is reduced by the aluminum. 








fa 
in 


at 
sc 


aé 


al 
be 
ce 
al 


in 
ni 
en 
to 


to 
pl 
ra 
ab 
in: 
se 
te: 


TI 


Pi 


pl 





sts 
1i- 
is 


the 
US 
di- 
ing 
old 
ni- 
aSs- 
ed. 
. of 
hes 
itly 
is, 
ap- 
ess 
1 of 


een 


cide 





FUEL AND FERTILE MATERIALS g 


In general, these alloys, up to the eutectic 
composition 1.7 at.% plutonium, are easily cast 
and quite workable. During casting of the al- 
loys, there is an increasing tendency with in- 
creasing plutonium composition to develop 
gravity segregation by settling of the dense 
PuAl, phase, similar to aluminum-uranium 
alloys. This tendency has been minimized by 
casting into water-cooled copper molds and by 
careful adjustment of pouring rates and tem- 
peratures.” 

At Hanford*' 12-in. sections of '4-in.-di- 
ameter rods of 1.8, 10, and 15 wt.% plutonium 
have been vacuum cast with a minimum of 
segregation and piping by pouring into graphite 
molds. Similar casting studies at Chalk River*® 
with a 3.7 wt% plutonium alloy gave satis- 
factory ingots 1.43 in. in diameter (mold length 
14 in.). These ingots were made by pouring 
into tilted molds to avoid splashing and result- 
ant porosity. The plutonium concentration vari- 
ation top-to-bottom was about 5 per cent, and 
some tendency toward inverse segregation at 
the surface was observed. Loss of plutonium 
as oxide was about 2 per cent. 

Limited data are reported for irradiation of 
aluminum-plutonium alloys. Irradiations have 
been performed to burn-ups of 55 to 60 per 
cent of the plutonium in a 20 wt.% plutonium 
alloy (1.5 at.% total) jacketed in aluminum.”*® 
The irradiated assemblies contained slugs vary- 
ing in composition from 0.5 to 20 wt.% pluto- 
nium. In subsequent irradiations difficulty was 
encountered after a few months of service, but 
too few data are available to explain the cause. 
At Hanford™ preliminary irradiations of '/,-in.- 
diameter slugs, 2 in. long, of a 1.64 wt.% plu- 
tonium alloy and of a 12 wt.% silicon-1.61 wt.% 
plutonium ternary alloy are reported. The ir- 
radiations are reported to be successful at 
about 20 at% burn-up of the plutonium, and no 
instability nor dimensional changes were ob- 
served, although hardnesses increased from 50 
to 94 Ry and 86 to 102 Ry for the binary and 
ternary alloys, respectively. Burn-ups of 55 
to 60 at.%of the plutonium are in progress. 
The silicon addition is included because of en- 
hanced high-temperature-water corrosion be- 
havior; details were not inc'uded.*! 


Plutonium -Thorium 


Studies at Harwell®® have resulted in a com- 
pleted constitutional diagram for this system 
based on various examination techniques. 


Plutonium dissolves extensively in alpha tho- 
rium, the maximum solubility being 45 at.% 
plutonium at 615°C. At about 32 at.% thorium a 
compound occurs which is probably orthorhom- 
bic with a = 9.820 A, b = 8.164 A, andc = 
6.681 A. This compound forms peritectically 
at 615°C, from the alpha thorium + liquid field, 
which extends over a large part of the diagram. 
The formation of the compound is sluggish on 
cooling and is normally preceded (at 605°C) 
by the eutectic, at about 7 at.% thorium, be- 
tween epsilon plutonium, containing about 5at.% 
thorium, and the compound. The remainder of 
the compound is then formed by a peritectoid 
reaction at about 580°C between epsilon plu- 
tonium and alpha thorium. Delta plutonium 
forms peritectoidally at 500°C by a reaction 
between epsilon plutonium and the compound. 
This reaction cannot be suppressed by quench- 
ing, and filings quenched from the epsilon field 
always show the X-ray diffraction pattern of 
delta plutonium. Maximum solubility of thorium 
in delta plutonium is about 5 at.% at 500°C. 

A somewhat lower maximum solubility of 
plutonium in thorium reported previously by 
Argonne** was mentioned in the last issue of 
this Review. 


Other Binary Alloys 


Preliminary‘ data are reported by Los 
Alamos® on the structure of PuNi;, but details 
are incomplete. Also, a brief report®® on tita- 
nium alloys indicates that the plutonium delta- 
prime phase can contain as much as 5 at.% 
titanium in solid solution at 450°C. 

In the zinc system alloys containing 5 to 
98.4 wt.% zinc have been examined.*® Three 
compounds are reported with PuZn, being the 
richest in plutonium. The delta plutonium phase 
is retained at room temperature in the plu- 
tonium-rich alloys. The solubility of zinc in 
plutonium appears to be greater than 5 at.%. 

At Argonne® preliminary data are reported 
on an arc-melted ingot of zirconium-5.7 + 
0.4 wt.% plutonium. The alloy has good fabrica- 
bility. It was hot-pressed at 730°C to a 50 per 
cent reduction. It was then cold-rolled 97.5 per 
cent to 0.03-in. foil. The hardness was 43 Ry 
(68 Rp) as cast and 53 Ry (86 Rp) after 50 per 
cent reduction. 


Uranium-Plutonium-Fissium 


Additional data are reported at Argonne on 
the uranium-plutonium-fissium alloys.’ Al- 
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though the alloys are intended for use in the 
as-cast condition, studies of fabricability were 
performed as general background on the char- 
acteristics of the alloys. The following alloys 
were included: 


Uranium—20 wt.% plutonium—-10.8 wt.% fis- 
sium 

Uranium-20 wt.% plutonium—5.4 wt.% fis- 
sium 

Uranium-—20 wt.% plutonium—5.4 wt.% fis- 
sium —3.6 wt.% molybdenum 

Uranium—20 wt.% plutonium—5.0 wt.% mo- 
lybdenum 


Fissium compositions indicated in the above 
alloys are as follows: 


10.8 wt.% 5.4 wt.% 
Molybdenum 2.8 1.40 
Zirconium 0.50 0.25 
Ruthenium 4.30 2.15 
Rhodium 0.70 0.35 
Palladium 2.50 1.25 


All the alloys were extruded successfully by 
the inverse extrusion process using bare bil- 
lets and a 7-to-1 reduction at 390 to 500°C. 
Mean thermal-expansion coefficients for the 
uranium-20 wt.% plutonium-5 wt.% molybde- 
num alloy are as follows: 


Mean thermal- 
expansion coefficient, 
Temperature range, °C 10~* in./(in.)(°C) 
25-391 
25 —532 


15.91 
17.61 


A change in slope of the expansion coefficients 
indicates the alloy undergoes transformation at 
560 to 572°C. (F. A. Rough) 


Thorium Alloys 


In a report by Raynes et al.,*" additional de- 
tails are given on the properties of high-purity 
thorium prepared by electrolysis of thorium 
- Chloride. Arc-melted thorium prepared by this 
method has a hardness of 70 to 80 DPH; and, 
as cold-rolled and annealed for 1 hr at 600°C, 
it has a yield strength of 41,700 psi, an ultimate 
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strength of 52,200 psi, and 11 per cent elonga- 
tion in 1 in. These data suggest that electro- 
lytic thorium can be produced having properties 
equivalent to those of bomb-reduced thorium. 
Photomicrographs and accompanying analyses 
for “HCl-insoluble’’ material show hardness 
changes from 11 to 70 Rockwell B withincreas- 
ing oxygen content (insoluble material increas- 
ing from 1.2 to 11 per cent). 

In attempts to clad thorium with Zircaloy-2 
and to improve the corrosion resistance of the 
composite element, Nuclear Metals reports 
that diffusion between thorium and zirconium 
is exceedingly rapid at 1000°C and that the 
diffusion layers obtained were harder than 
either the Zircaloy or the thorium. Stud tests 
of the Zircaloy-thorium bond showed that the 
thorium core was the weakest member of the 
clad composite. Attempts to strengthen the 
thorium with carbon did not change the results 
of the stud tests; however, corrosion tests 
showed that increasing the carbon content of 
as-extruded thorium from 0.07 to 0.64 per 
cent decreases the corrosion rate in 500°F 
water from 80 to 20 g/(cm*)(month). Other 
tests showed that increasing the zirconium 
content of as-cast thorium from 25 to 75 per 
cent decreases the corrosion rate in 500°F 
water from 5.5 to 0.8 g/(cm?)(month). 

New Brunswick Laboratories, Inc.,** has iden- 
tified one of the inclusions in thorium as an 
iron-nickel-cobalt phase having the general 
formula Th;M;, where M represents iron, co- 
balt, and nickel. This constituent is described 
and differentiated from ThO, in terms of mi- 
crostructures and appearance. The iron phase 
is described as silvery white and predominates 
in the grain boundaries but occasionally is 
found dispersed to some extent. Thorium ox- 
ide, on the other hand, is described as being 
gray to black, appearing in dendritic form in 
castings and as stringers, clusters, and blobs 
in wrought metal. 

In studies of the decontamination of irradi- 
ated thorium by melting, Atomics International 
Div.**«*' finds the vapor pressures of thorium 
and protactinium at 2200°K to be 4.2 x 107° atm 
and 5.1 x 10-° atm, respectively. 

Ames has reported results of constitutional- 
diagram studies in several thorium systems. 
A nearly isothermal ternary eutectic trough 
was found between the aluminum-uranium eu- 
tectic at 640°C and the aluminum-thorium eu- 
tectic at 632°C. It is suspected that a low point 
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occurs in this ternary eutectic trough’ at 
630°C and 76 wt.% aluminum, 18 wt.% thorium, 
and 6 wt.% uranium. Hydrogen is reported'® to 
be soluble in thorium to the extent of 21 at.% at 
775°C. The thorium-molybdenum system is ap- 
parently analogous to the thorium-chromium 
system; there are no thorium-molybdenum com- 
pounds, and a eutectic’® exists near 1400°C. 
The thorium-hafnium system has been deter- 
mined and seems to be intermediate in nature 
to the thorium-titanium system and the tho- 
rium-zirconium system. A eutectic reaction 
occurs at 26 wt% hafnium and 1450°C, pro- 
ducing beta thorium containing 13 wt.% hafnium 
and alpha hafnium containing about 2 wt.% tho- 
rium. An inverse peritectic is postulated at 
1600°C and 96 per cent hafnium, forming alpha 
hafnium containing 2 wt.% thorium and liquid 
containing 60 per cent thorium. A eutectoid 
was located at 1295°C and 9 per cent hafnium. 
On cooling, this reaction produces alpha tho- 
rium containing 5 wt.% hafnium and alpha haf- 
nium containing 2 wt.% thorium.” In connection 
with studies aimed at reprocessing thorium 
fuels by pyrometallurgical means, additional 
data have been obtained on the ternary uranium- 
thorium-magnesium system. The solubility of 
uranium in magnesium-16 wt.% thorium solu- 
tion at 650°C is 0.004 wt% at 650°C and is 
0.14 wt.%at 1132°C. The solubility®’ of ura- 
nium in magnesium-—35 wt% thorium solution 
is 0.007 wt.%at 650°C and is 0.14 wt% at 
1132°C. 


Additional data from Harwell*®® and Argonne™ 
have clarified considerably the details of the 
thorium-plutonium constitution diagram. On the 
basis of information from both laboratories, it 
appears certain that there is a eutectic at 
605°C and 93 at.% plutonium. On cooling, this 
reaction produces epsilon plutonium containing 
about 5 at.% thorium and the single intermetal- 
lic phase Pu,Th. On heating, the phase Pu,Th 
decomposes at 615°C into liquid containing 
almost 93 at.% plutonium and alpha thorium 
containing more than 35 and less than 45 at.% 
plutonium. From this information it appears 
that the transformation of beta thorium to 
alpha thorium must occur by an inverse peri- 
tectic reaction in this system, but a tempera- 
ture for this reaction has not been disclosed. 


Irradiation data on thorium and thorium- 
uranium alloys continue to indicate a marked 
superiority of thorium-base fuels over ura- 


nium-base fuels. Savannah River reports“ that 
60 thorium slugs irradiated at Hanford to a 
conversion of 800 ppm of Th’ showed no 
damage. Thirty-two slugs irradiated to a con- 
version of 2800 ppm of Th” showed no evi- 
dence of gross dimensional instability. The 
fission burn-up of U*** produced in the thorium 
can be estimated as somewhat less than 40 per 
cent of the Th*** converted. 

Hanford reports® that a thorium-2.1 wt.% 
u**5 slug irradiated in the MTR was suffi- 
ciently intact for mechanical tests. A slug 
1.5 in. long and 0.39 in. in diameter given a 
cantilever bend test on 1l-in. centers broke in 
a brittle fashion at a 5060-Ib load and 0.040-in. 
deflection. During irradiation the alloy in- 
creased in hardness from 40 to 59 Rockwell A. 
It is not clear whether this slug was from a 
group of thorium-2 wt.% U** alloys which 
received '/4 at.% burn-up or whether it received 
1 at.% burn-up. Other irradiations of enriched- 
thorium alloys are in progress or planned. 

(W. Chubb) 


Dispersion Fuel Materials 


Work on dispersion fuel elements now in- 
volves many material combinations; however, 
the stainless-steel—-UO, system continues to 
receive the greatest attention. 

A Sylvania-Corning** report describes in 
detail the fabrication of several 17-in.-long 
tubular elements containing cores of 5.6 wt.% 
UO, dispersed in type 302B stainless steel clad 
with type 347 stainless steel. The cores were 
prepared by compacting, sintering, and re- 
coining bushinglike segments approximately 
0.50 in. long having an outside diameter of 
0.46 in. and an inside diameter of 0.25 in. 
These segments, having a theoretical density 
of 95.5 per cent, were electrolytically nickel 
plated and stacked between two type 347 stain- 
less-steel tubes, along with appropriate end 
plugs. The welded assemblies were given a 
light reduction through a drawing die and were 
then heated to 1100°C for 30 min, allowing the 
nickel alloy plate to braze the core to the 
cladding. Although the tubes were prepared for 
sensing devices, the techniques described are 
also applicable to fuel-element fabrication. 

A program has been initiated at Knolls to 
develop : fuel element using stainless steel as 
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the cladding material and a stainless-steel -— 
UO, core. A modification of the cold binder 
extrusion process developed at Knolls will 
receive the primary fabrication effort. In this 


Table I-2 TYPES OF IRRADIATION SAMPLES* 
IN PROGRAM ON ADVANCED DEVELOPMENT 
OF ZIRCONIUM-BASE FUELS (KNOLLS DATA) 








Particle 
size, u Samples 
Slugs 1 and 2 
40 Uranium particles in Zircaloy-3 
200 UO, particles in Zircaloy-3 
200 Uranium particles 
200 UO, particles 
200 Uranium particles in Zircaloy-3 
40 UO, particles in Zircaloy-3 
Uranium-zirconium alloys (1 4 UZry, par- 
ticles in zirconium-uranium solid so- 
lution) 
Slugs 3 and 4 
40 Uranium particles in Zircaloy-3 
200 UO, particles in Zircaloy-3 
200 Uranium particles 
200 UO, particles 
200 Uranium particles in Zircaloy-3 
40 UO, particles in Zircaloy-3 
200 UC particles 
200 UC particles in Zircaloy-3 
40 UC particles in Zircaloy-3 
Uranium-zirconium alloy (i « UZr, par- 
ticles in zirconium-uranium solid so- 
lution) 
200 UZry, particles 
Slugs 5 and 6 
200 UC particles 
200 UC particles in Zircaloy-3 
40 UC particles in Zircaloy-3 
200 UC particles in zirconium-uranium solid 
solution 
200 UO, particles in zirconium-uranium solid 
solution 
200 Uranium particles in zirconium-uranium 


solid solution 





* Total number of samples was 72; uranium concen- 
tration was 5 at.% in all samples except particles alone. 
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process the core materials are premixed into 
a plastic mass, cold-extruded, and sintered to 
about 70 per cent of theoretical density. The 
cylindrical cores are canned in stainless steel 
and are hot-worked through a series of grooved 
rolls followed by Turk’s heading to final size. 
Further work will employ rectangular cores 
and a power-driven Turk’s head for all opera- 
tions. 


An advanced development program at Knolls 
is concerned with the effect of microstructure 
and composition on the irradiation stability of 
zirconium-base fuels. The systems investi- 
gated are dispersions of uranium, UO,, UC, and 
UZr, phases in a zirconium alloy matrix phase. 
Plans for the present irradiation program call 
for the irradiation of 72 specimens at the MTR 
at burn-ups of 0.7 to 2.2 at.%. The specimens 
are grouped statistically in six irradiation 
slugs (multiple capsules), as indicated in Table 
I-2. All specimens have been fabricated, and 
the first two slugs were inserted in the MTR 
around Sept. 1, 1957. 


Small uranium-magnesium dispersion ele- 
ments canned in Zircaloy-2 containing 50 vol.% 
uranium were irradiated to 20,000 Mwd/ton 
(2.32 at% burn-up in the uranium) without 
dimensional changes. The restraint of the 
heavy Zircaloy-2 can was thought to resist 
swelling. Recent postirradiation examination of 
uranium-magnesium fuel elements canned in 
aluminum have shown a 3.25 vol.% expansion 
during an exposure of only 800 Mwd/ton (0.08 
at.% burn-up of uranium). These results are 
Similar to those obtained with Knolls speci- 
mens (Table I-3). As yet there is no apparent 
explanation of the observed swelling in either 
set of specimens. 


Work is continuing at Oak Ridge*’ on the 
development of aluminum-base fuel elements 


Table I-3 SWELLING DATA ON POWDER-METALLURGY URANIUM-MAGNESIUM 





Postirradiation 





: Calculated 
diam., in. 
Exposure, Preirradiation volume 
Sample Mwd /ton diam., in. Min. Max. Av. increase, % 
25-H 1000 0.3480—0.3485 0.349 0.358 0.353 2.63 
45-H 1000 0.3480 0.352 0.360 0.356 4.41 
26-H 3000 0.3485—0.3490 0.359 0.371 0.366 9.74 
30-H 3000 0.3480-—0.3485 0.364 6.369 0.366 10.2 
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0.3470 
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containing dispersions of both UO, and U,0,. A 
recent report describes some interesting de- 
velopments in this field. Manufacturing speci- 
fications for aluminum-base fuel elements call 
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Fig. 3—Growth characteristics of 52.3 wt.% UO, and 
55.7 wt.% U,O, aluminum fuel plates." 
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Fig. 4—UO, formation during heat-treatment of 56.4 
wt.% U3O, aluminum plate.*’ 


for an extended anneal at 600°C after hot and 
cold working. Figure 3 illustrates the major 
problem encountered during the initial work 
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with dispersed UO, fuel material for the Geneva 
reactor. The oxide reacted with the aluminum 
to form UAI,, UA, and Al,O,. This reaction 
was accompanied by a significant volume in- 
crease, causing a high rejection of elements. 
Recent work has shown that, if U,O, is sub- 
stituted for the UO,, a reaction takes place 
forming significant quantities of UO, (Fig. 4). 
However, this dioxide is apparently stable in 
aluminum, and Fig. 3 shows that the total 
volume change is negligible. (D. L. Keller) 


Refractory Fuel and 
Fertile Materials 


Fabrication of UO2-containing Bodies 


In work at Chalk River“ the density of pellets 
made from UO, powders prepared by hydrogen 
reduction of ammonium diuranate was found to 
depend on the conditions under which the am- 
monium diuranate was precipitated. The study 
resulted in specifications for preparing UO, 
powder that sintered to a density greater than 
10.0 g/cm*® when compacted at 40,000 psi and 
sintered at 1600 to 1700°C for 1 hr. 


Hydration of MCW type UO, by wet milling 
increased the sinterability of UO, powder made 
by hydrogen reduction of the trioxide, accord- 
ing to a paper by Vaughan et al.*® The density 
of compacts formed from this powder at 20,000 
psi and sintered in hydrogen for 1 hr at 1650°C 
was reported to be 10.4 g/cm’. It was also 
reported that the sinterability of UO, powders 
was directly related to their tendency to in- 
crease in oxygen to uranium ratio at room 
temperature. 


Murray et al.*° compacted nonstoichiometric 
oxides ranging from UO, to U,O, at 14,000 to 
20,000 psi and sintered them in argon, nitrogen, 
hydrogen, carbon monoxide, or vacuum. No 
details of methods of preparing the powders 
were given. The most sinterable of the oxides 
evaluated, U,O,, had a density of 10.8 g/cm’ 
after sintering for 1 hr in argon at 1200°C. 
The U,0O, was reduced to UO, », during sinter- 
ing. There also was evidence of some uranium 
loss during sintering. Considerably higher tem- 
peratures were required to obtain equivalent 
densities when sintering was done in hydrogen. 

(H. D. Sheets) 





Properties and Behavior 


of Uranium Oxide Fuels 


1.. Uranium Dioxide, Excellent summaries of 
Bettis work on UO, properties®' and the effects 
of radiation®* on bulk UO, have been published 
recently. Most of the UO, data pertinent to re- 
actor applications are reviewed prior to late 
1957 in these two summaries. Literature ref- 
erences on- UO, technology and irradiation ef- 
fects have been compiled by Ferrier.™ 

The kinetics of the oxidation of UO, to U,0, 
in the temperature range 160 to 350°C was 
reported by Aronson et al.® Oxygen diffusion 
through the UO, lattice and its role in the 
oxidation mechanism are discussed. 

A study of structural and compositional varia- 
tions in uranium oxides is being continued at 
Battelle.”° Electrical-property data have been 
obtained on a series of UO, specimens con- 
taining small additions of CaO, ZrO,, and 
MoO,. CaO produces a marked reduction in 
room-temperature resistivity, which is con- 
sistent with the substitution of a bivalent cal- 
cium ion for a tetravalent uranium in the 
fluorite lattice. Tetravalent zirconium iuns, as 
expected, show little effect on the resistivity. 
Hexavalent molybdenum ions are responsible 
for increased resistivity as they are apparently 
reduced in valency by the UO,. 

The thermal conductivity’® and strength of 
UO, bodies are being studied by Bettis and 
Hanford, respectively. In the Bettis program 
the radial temperature drop across a thermo- 
coupled UO, pellet will be monitored during 
irradiation. Hanford has initiated a study of 
thermal shock and impact failures in sintered 
UO, slugs. The mechanism of fracture will be 
studied by surface examination of the fracture 
areas. No results have been reported for either 
of these two studies. 

In a recent British paper®’ possible effects of 
the oxygen-uranium ratio on the high-tempera- 
ture irradiation performance of sintered UO, 
bodies are discussed. Nonstoichiometric UO, 
has higher volatility, lower creep strength, and 
lower sintering temperature than stoichiometric 
UO,. At high temperature it is suggested that 
these factors may contribute to greater mass 
transfer and to dimensional and microstruc- 
ture changes in nonstoichiometric UO, fuel 
bodies. 

Irradiation of clad UO, pellets in pressur- 
ized-water loops and the parameters impor- 
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tant to fuel-rod integrity have been summar- 
ized.©® The significance of fission-gas release 
from UO, pellets has been studied at Bettis. 
Power cycling of defected blanket rods in- 
creases fission-gas release tenfold. During one 
core life .the estimated maximum number of 
defected rods is 1000. Only 30 of these defected 
rods are expected to rupture. Fission-product 
escape from defected rods is often described 
in terms of the escape-rate coefficient. Re- 
ported values for fission-product isotopes having 
half lives greater than 30 min are listed below. 


Escape -rate 


coefficient, sec™ 


Fission-product species 


Cs, I, Br, Rb, Kr, Xe, 


Te 1x 107° 
Mo 2x 107° 
Sr, Ba 1x 107" 
Ce, Zr, and other rare 

earths 2x 107" 


Booth*’ has discussed the calculation of fis- 
sion-gas release from UO, slugs. Calculated 
values are sensitive to the theoretical model 
selected and to the value of the centerline tem- 
perature of the slug. The effect of UO, density 
on fission-gas release from natural UO, pel- 
lets'® is shown in Fig. 5. 


2. UO,s-ThO, Mixtures. Oak Ridge is investi- 
gating the strength and high-temperature sta- 
bility in air of UO,-ThO, bodies. Dry-pressed 
flat-bar specimens, having urania contents from 
100 to 0 per cent, were sintered in hydrogen. 
With increasing ThO, content, the porosity 
varied nonuniformly from 0.7 to 2 per cent. 
The density decreased gradually from 10.0 g/ 
em’ for pure UO, to 8.9 g/cm’ for pure ThO,. 
The sonic moduli of elasticity for these mix- 
tures ranged from 16 x 19° to 28 x 10° psi. For 
pure UO, and ThO, the moduli were 25 x 10° psi 
and 30x 10° psi, respectively. Selected por- 
tions of these specimens were refired at 1800°C 
in air with no soaking time. Specimens con- 
taining 10 wt.% ThO, disintegrated during this 
test. For a specimen containing 20 wt.% or 
more of ThO,, weight losses were less than 
1 per cent. 


3. UO,-Y;03; Mixtures. The UO,-Y,0,; sys- 
tem has been investigated by X-ray powder 
techniques by Ferguson and Fogg at Harwell.™ 
A range of solid solutions with pseudo-fluorite 
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structures exists between 0 and 78 mole % of 
YO,.;. There is an immiscibility gap between 
78 and 96 mole % of YO,;.;. Density measure- 
ments show all these solid solutions have an 
anion-vacancy structure. 
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Fig. 5— Fission-gas release from natural UO. Bettis 
data, compiled by the Naval Reactors Branch." 


4. UO,-Al,O,; Mixtures. Ceramic plate type 
UO,-Al,O, seed fuel containing 80 to 85 wt.% 
Al,O, is being studied at Bettis.*° Several speci- 
mens compartmented in Zircaloy-2 have been 
irradiated to estimated uranium burn-ups of 
16 at.%. The theoretical densities of these 
specimens were 95 to 98 per cent. Preliminary 
fission-gas-release experiments indicate that 
these UO, mixtures release three to five times 
more fission gas than UO, of comparable 
density. 


5. UO,-PuO, Mixtures. As part of an irra- 
diation program on candidate fuels for a fast- 
breeder reactor, Knolls has investigated 80 wt.% 
UO,-PuO, mixtures.*' Fully clad pellets having 
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a theoretical density of 65 per cent were ir- 
radiated to plutonium depletions of 5 and 35 
at.% at temperatures of 600 and 300°C, re- 
spectively. The gap between the 30-mil clad- 
ding and the pellets was filled with helium. 
Centerline voids in the pellets, but no cladding 
distortion, were observed under these condi- 
tions. Postirradiation examination also showed 
pellet shrinkage and a resulting increase in the 
gap between the pellets and the cladding. When 
a lead thermal bond was used in place of the 
helium, no void formation was observed in the 
irradiated pellets. However, the pellets did 
assume a “dried mud flat’’ appearance under 
these conditions. 


6. UsO,-SiO, Mixtures. Irradiation studies on 
uranium oxide-glass fuels have been sum- 
marized in a recent report.** Commercial ura- 
nium glass containing 10 wt.% of enriched U,O, 
and Vycor impregnated with up to 10 wt% of 
natural or enriched U,O, were irradiated in the 
program. Uranium burn-up was 15 at.%, and 
surface temperature was 200°C in the com~ 
mercial-glzss specimens. The temperature gra- 
dient across these latter '/,-in.-O.D. specimens 
was 1500°C. Although the softening point 
(1450°C) of the Vycor was probably reached in 
these '/,-in.-O.D. specimens, no appreciable 
fission gas was released. The temperature of 
the impregnated specimens ranged from 650 to 
830°C during irradiation. U**® burn-up was 5 
to 15 at.%. Fission-gas release in these speci- 
mens was also low. Postirradiation examina- 
tion showed severe cracking in many of the 
specimens made from both types of uranium 
oxide — glass fuel. (W. S. Diethorn) 


Fabrication of Uranium Carbide 


Continued investigations reported by Bat- 
telle*® resulted in refinement of fabrication 
processes for UC. Sintered compacts with den- 
sities greater than 98 per cent of theoretical 
were made by compacting finely ground UC 
powder hydrostatically at 100,000 psi and sin- 
tering for about 3 hr in vacuum at about 
1850°C. The observed reduction in porosity of 
the sintered compacts was attributed to the 
prolonged sintering time and the use of finely 
ground UC powder as starting material. 

(J. F. Quirk) 
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Properties of Refractory Fuels 
Other than Uranium Oxides 


Battelle”®’-*:*> has investigated the physical 
properties of several uranium compounds and 
determined their stability in atmospheres of 
nitrogen, oxygen, and water vapor. The ther- 
mal-expansion coefficients of the silicides and 
of UAl, were approximately equal and were of 
the same order of magnitude as that of uranium 
metal. Specific heats range from about 0.04 
cal/(g)(°C) for U,Si to about 0.08 cal/(g)(°C) 
for USi,;. The microhardness of USi; was ap- 
preciably lower than that of the other silicides. 
Rates of reaction of oxygen with UBe,;, UB,, 
and USi, increase in that order and initially 
follow a linear rate law up to 400°C. Above 
400°C, UB, and USi react anisothermally which 
results in complete combustion in a short 
time. In contrast, UBe,,; reacts isothermally 
up to 600°C. The reaction stopped almost en- 
tirely before complete oxidation occurred. The 
reactions of the compounds USi;, U;Si,, USi,, 
and UC, with oxygen follow a parabolic rate 
law up to 400°C, the rates increasing in the 
order listed, whereas the oxidation of UAIl, 
follows a cubic law. Pure uranium oxidizes 
linearly at these temperatures. The reaction 
of nitrogen with these compounds follows a 
parabolic law at temperatures up to 600 or 
800°C. UB, was the only material that reacted 
more slowly with nitrogen than did uranium 
under similar conditions. However, inall cases, 
the reactions of the compounds with nitrogen 
were slower than those with oxygen at the 
same temperature. Reactions of water vapor 
at a pressure of 29 mm Hg with UBe,,;, UB, 
and UC, follow a linear rate law with the ex- 
ception of those with UC,. These reactions 
are slower than the reactions of oxygen with 
the compounds. 


The thermal stabilities of compounds in the 
systems uranium-zirconium-silicon and ura- 
nium-carbon-nitrogen are being investigated at 
Battelle. Tentative lattice-parameter data are 
given for the solid-solution phase (U,Zr),Si,. 
X-ray data on solution-treated samples of UC- 
UN mixtures indicate complete miscibility of 
these two isostructural compounds. 


Investigations on ceramic materials contain- 
ing thorium are in progress. The ThO,-SiO, 
system is being studied at Oak Ridge.® Al- 
though two polymorphic modifications of ThSiO, 
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have been reported to occur in nature, only the 
monoclinic phase has been synthesized. This 
compound dissociates into ThO, and glass on 
heating to 2000°C. Duwez® showed a large 
(83 mole %) solid solubility of cubic ZrO, in 
ThO, at very hightemperature. However, during 
prolonged heating at 2000 or 1350°C, the solid 
solution dissociates to nearly pure ZrO, and 
ThO,. The equilibrium solid solubility of ThO, 
in ZrO, is somewhat greater in the tetragonal 
modification than in the low-temperature mono- 
clinic form. Although these bodies have high, 
melting points, they are likely to be sensitive 
to thermal shock, owing to the polymorphic 
inversion of the ZrO, phase. Arenberg” studied 
the sintering and thermal-shock resistance of 
ThO, bodies containing small amounts of iso- 
morphic additives. The density of ThO, bodies 
sintered at 1500°C was improved by small 
additions of CaF,, SrF,, SnO,, Bi,O;, V,O,, 
CaBr,, CaCl,, and NH,I, whereas Pb,O,, PbF,, 
ThF,, ThF,, and UO, retarded densification. 
Vacuum sintering aids densification. The ther- 
mal-shock resistance of ThO, bodies was im- 
proved by replacing —325-mesh starting powder 
with —40 +60-mesh particles. An addition of 
5 wt.% stabilized ZrO, (-325 mesh) improved 
densification and thermal-shock resistance of 
ThO, bodies. However, a 5 wt.% addition of 
Al,O;, MgO, or pure ZrO, resulted in lower 
densities and less resistance to thermal shock. 

(D. A. Vaughan) 


Basic Studies of Radiation Effects 
on Fuel Materials 


In the last issue of this Review the work at 
Bettis™® on the diffusion of fission gases in UO, 
was discussed. The activation energy for dif- 
fusion of fission gases was reported to be 
similar to that for diffusion of oxygen in UO, 
(about 20 kcal/mole). This indicated the pos- 
sibility that fission-gas diffusion was related 
to the oxygen-diffusion mechanism. In a more 
recent report®’ reviewing the work on UO,, 
evaluation of the results on fission-gas release 
has led to a different interpretation. The acti- 
vation energy for fission-gas diffusion is shown 
to be about 1 kcal/mole below about 1000°C and 
about 100 kcal/mole above this temperature. 
It was tentatively concluded that fission gases 
have the mobility of cations and diffuse by a 
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similar mechanism at high temperatures but 
diffuse by a different mechanism below 1000°C. 
Comparison is made with results of studies of 
diffusion of radon in alpha Al,O;, in which 
Similar behavior was observed. In this case 
the interpretation is given that at high tempera- 
tures the activation energy consists of the 
energy required for mobility of the diffusing 
gas and the energy required to form defects, 
whereas at low temperature the activation 
energy consists only of the energy required 
for mobility.® 

The effect of irradiation on crystal proper- 
ties of UO, is also discussed.” Specimens of 
UO, of different particle and crystallite sizes 
and specimens of U,O, and U;O, irradiated to 
levels of 100 Mwd/ton or less approached the 
Same crystallite size after irradiation regard- 
less of initial size. Disordering of the lattice 
by fission or displacement spikes and subse- 
quent reordering on the matrix lattice is offered 
as a possible explanation of this behavior. 

The formation of gas bubbles in Perspex 
(polymethyl methacrylate) by thermal depoly- 
merization and radiation has been studied to 
provide some insight into the mechanism of 
internal bubble formation in solids." This ma- 
terial was selected because it evolves gas as 
a result of thermal decomposition and radiation 
damage, and its transparency permits visual 
observation of bubble formation and growth. It 
was concluded from this investigation that, at 
low rates of gas formation, gas bubbles are 
formed at defect sites after the gas concentra- 
tion exceeds a certain critical value. However, 
if the rate of gas formation is sufficiently high 
that the diffusion distance at the particular 
temperature and time required to exceed the 
critical concentration of gas is small compared 
to the distance between defect sites, a larger 
number of smaller bubbles are formed. If 
these gas bubbles are sufficiently small, the 
surface tension as well as the bulk strength of 
the solid would constrain the bubbles and pre- 
vent swelling of the solid. Irradiation at high 
flux and low temperature would favor this 
condition. 

Investigation of bubble formation in 1 fuel 
material was conducted by heat treating small 
pieces of natural-uranium fuel bars from the 
NRX reactor at Chalk River which were ir- 
radiated to a 0.3 to 0.4 at.% burn-up at tem- 
peratures’ below 200°C. On heating in vacuum 
at 575°C, a 2 vol.% increase was obtained, and 


at 810°C the volume increased by 5 per cent. 
Thermal cycling at 810°C produced volume 
increases as large as 15 per cent. 

Examination of the swollen metal with optical 
and electron microscopes revealed bubble sizes 
in the range 5 x 10~* to 10-? cm in diameter. 
The majority of the gas volume was in the 
smaller bubbles, and the tot:.1 void volume was 
sufficient to account for the observed amount of 
swelling. It was concluded that swelling at high 
temperature is less in those specimens in 
which the gas bubbles are smallest, due to the 
restraining effect of the surface tension of the 
fuel material. However, the relative importance 
of surface tension and bulk strength of the fuel 
material may well be different for large fuel 
specimens than it is for the small specimens 
used in the Harwell investigation. 

(P. Schall, Jr.) 
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Graphite 


An investigation of materials for a power- 
reactor concept featuring fueled graphite ele- 
ments is in progress at Battelle. The com- 
patibility of several alloys with graphite is 
being assessed at BMI to provide a technical 
basis for selection of tubing material for coolant- 
gas passages through the graphite core. The 
following alloys appeared satisfactory from 
screening tests at 1850°F for 250 hr in contact 
with graphite: Inconel X, copper-plated Inconel 
X, unplated type 316 stainless steel, copper- 
plated type 316 stainless steel, Alnico, and 
chromium-plated type 316 stainless steel. These 
alloys will be evaluated in contact with graphite 
for 1000 hr at both 1850 and 1650°F. 

Several graphites that are impervious to water 
have been prepared by the National Carbon Co. 
Densities range from 1.75 to 2.0g/cm*. Nuclear- 
purity tests conducted by Hanford indicate that 
this material has nuclear purity comparable to 
KC and CS grade graphite. Such a purity is 
generally considered satisfactory for production 
reactors. Impervious graphite may find appli- 
cation as “hardware” in future reactor designs. 

(W. C. Riley) 


Beryllium 


Beryllium Metal and Alloys 


In recent months renewed interest in beryl- 
lium as a structural material has become evi- 
dent. This interest stems primarily from Air 
Force requirements for improved materials for 
airframes. Two Wright Air Development Center 
research projects, initiated in mid-1957, are in 
progress, and the first reports on this work 
have been received. 

Alloyd Research Corporation has a contract 
to study the intrinsic ductility of high-purity 
beryllium metal. A number of techniques are to 
be evaluated for their ability to produce metal 


of the purity required. The intrinsic ductility of. 


beryllium has never been ascertained satis- 
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factorily since the highest purity grades de- 
veloped to date contain 0.1 to 0.2 wt.% oxygen. 
The methods of producing high-purity beryl- 
lium to be investigated in the Alloyd Research 
are (1) reduction of BeCl, with vacuum-distilled 
sodium; (2) zone melting, using a conventional 
technique (induction heating in a vacuum of 10~° 
mm Hg) and an ultrarefined technique using 
electron-beam heating in an ion-pump vacuum 
(10 to 107! mm Hg); and (3) vacuum distilla- 
tion using electron-beam heating and an ion- 
pump vacuum. The ultrahigh vacuum and lo- 
calized heat source are deemed necessary to 
minimize contamination. Previous efforts to re- 
fine beryllium by vacuum distillation, using 
vacuums of the order of 10~° mm Hg, have not 
been successful in producing low-oxygen mate- 
rial. The current research will be followed with 
a great deal of interest by beryllium metal- 
lurgists since it promises to answer a long- 
standing question whose resolution is basic to 
future beryllium research and technology. 


The other Wright Field project has as its 
objective the development of improved wrought 
beryllium alloys and is being conducted by The 
Brust Beryllium Co. Specifically, it is desired 
to develop an alloy, retaining the high modulus 
of elasticity of beryllium, which can be fabricated 
readily into aircraft parts having improved 
ductility over metal of present commercial 
purity. The first progress report on this work 
includes a literature review of previous beryl- 
lium alloy development. 


The Nuclear Metals study of ductility in 
beryllium as related to grain orientation and 
grain size has been summarized in a recent 
paper by Greenspan.' In the first phase of this 
work, the effect of fabrication procedure on 
texture was determined, holding grain size con- 
stant. In the second phase of the work, a study 
was made of the effect of grain size on the 
mechanical properties, utilizing approximately 
constant texture. 

The texture developed by cross rolling after 
extrusion or hot pressing QMV powder is indi- 
cated, in part, by the basal-plane-pole distri- 
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oution shown in Fig. 6, whichis reproduced from 
Greenspan’s paper. The abscissa is the angle 
between the normal to the sheet surface and the 
basal pole (normal to the basal plane). The 
ordinate gives the relative X-ray intensities of 
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Fig. 6—Basal-pole distribution with respect to sur- 
face normal for comparison of textures by extrusion, 
cross rolling, and hot-press bidirectional rolling. Nu- 
clear Metals data.' 


the basal-pole reflections. (These intensities 
are proportional to the fraction of grains having 
that particular orientation.) The intensities are 
relative and are given in terms of the intensity 
for the corresponding angle from a randomly 
orientated specimen. Thus, for the fabrication 
procedures indicated in the figure, the major 
fractions of the crystals are oriented so their 
basal planes are nearly parallel to the plane of 
the sheet. Beryllium sheet with this texture is 
called “basal-plane layered.” Such material, 
produced with a grain size of about 0.025 mm 


by extrusion and cross rolling, has a tensile 
elongation of from 30 to 40 per centin the plane 
of the sheet. Beryllium with about the same 
grain cize and texture, produced by hot pressing 
and bidirectional rolling, has a tensile elongation 
of abeut 25 per cent in the plane of the sheet. 
Basal-plane-layered beryllium does not reduce 
in thickness when plastically deformed in tension 
and is assumed to have no ductility in the di- 
rection normal to the sheet surface. The effect 
of grain size on strength in basal-plane-layered 
beryllium is shown in Fig. 7. The data show the 
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Fig. 7— True tensile strength in basal-plane-layered 
beryllium related to grain diameter. Nuclear Metals 
data.' 


pronounced effect refining the grain size can 
have on the ultimate tensile strength. 

Another investigation which ties in with this 
work is a study of the factors which must be 
considered in making beryllium sheet with re- 
producible properties.” The factors which appear 
to be important are preferred grain orientation, 
grain size, fabrication temperature, and oxygen 
content (as it affects grain size). 

Kells, Holden, and Whitman’ have reported 
briefly on the preparation of a beryllium amal- 
gam by the electrolysis of a BeCl,-NaCl bath 
over a mercury cathode at 300 to 350°C. It is 
possible that the technique might be adapted to 
produce ultrafine beryllium powder, which, when 
pressed, extruded, and rolled, might result in 
extremely fine-grained basal-plane-layered be- 
ryllium. The extrapolation of Fig. 7 to finer 
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grain size indicates that this approach should 
be pursued to its ultimate conclusion. (It is 
interesting to note that the electrolysis of iron 
into a molten mercury cathode has been used to 
produce ultrafine iron particles 150 to 200 A in 
diameter.) 

Other work at Nuclear Metals is concerned 
with efforts to confirm or refute the existence 
of -a solid-state phase change in beryllium at 
temperatures near the melting point.’ If such a 
transformation exists, it might be utilized in 
producing a fine-grained structure. On heating 
a metal through its solid-state transformation 
point; the conditions of nucleation and growthare 
often such that grain refinement occurs. In this 
respect one experiment tried at Nuclear Metals 
might be noted. A strip of beryllium was heated 
in a temperature gradient (running from 1275 to 
1288°F). The hotter end was melted. Microex- 
amination did not show grain refinement along 
the specimen, which might have been expected 
had a phase transformation occurred in the 
range of temperature existing along the speci- 
men. 

It has been shown in other work that a high- 
temperature phase transformation exists in a 
beryllium -8 at.% nickel alloy.‘ Thermal analy- 
sis and metallographic analysis have been used 
to detect this change. The high-temperature 
phase decomposes at 1065°C by a eutectoid 
reaction. 

Thermal analyses are being made on dilute 
nickel alloys of beryllium in further efforts to 
delineate the phase constitution of beryllium per 
se.’ Diffusion couples of beryllium/beryllium — 
6 at.% nickel and beryllium/beryllium~2 at.% 
iron are also being studied.’ Diffusion couples 
indicate phase constitution since, in the diffu- 
sion region, the various phases existing at the 
diffusion temperature are developed. 

Work at Nuclear Metals on the high-tempera- 
ture properties of beryllium containing small 
amounts of a dispersed intermetallic phase 
continues.”*"* The systems _ beryllium-SiO,, 
-Fe,0,, -Be,C, and -Al,O, are receiving attention 
in this work. No new data are reported since the 
last issue of this Review. The observation was 
made, however, that Be,C was more effective 
than SiO, in increasing the stress-rupture prop- 
erties at 1200 to 1350°F when comparison was 
made at equivalent volumetric dispersions of 
the intermetallic phase. On the same basis it 
was also noted that Al,O, was considered to be 
more effective as a strengthener than SiO,. 





In connection with high-temperature alloys, 
beryllium-BeO compositions are of promise. 
The linear thermal expansion of four beryllium- 
BeO compositions has been reported in an Oak 
Ridge publication.’ Over the range 100 to 900°C, 
the coefficient of linear thermal expansion is 
insensitive to BeO content, at least for BeO 
contents up to 3 wt.%. An average value for this 
coefficient in the range of temperature and BeO 
content considered is 1.8 x 107° in./(in.)(°C). 


Nuclear Metals has issued a final report on 
its study of the corrosion of beryllium in 600°F 
water.® The variables studied included fabrica- 
tion procedure and the effect of alloy additions. 
In these studies the time elapsing before the 
inception of accelerated local attack was taken 
as the measure of performance. Some idea of 
the relative corrosion resistance for various 
conditions is indicated in the following tabulation: 


Time to inception 
of accelerated 
Material Fabrication local attack 
QMV beryllium 
powder 
Pebble bery)lium 


Hot-pressed or 
extruded 


140 to 160 days 

Vacuum cast Complete dis- 
entegration in 
less than 2 


days 
Pebble beryllium Vacuum cast Some improve- 
and extruded ment over 
vacuum-cast 
material 
Beryllium—0.1 Vacuum cast No sign of ac- 
at.% nickel and extruded celerated 
at 1950°F; attack after 
extrusion 280 days 
ratio, 144:1 


The corrosion resistance appears to be exceed- 
ingly sensitive to the fabrication variables, and 
it is apparent that much work needs to be done 
in developing materials with reproducible cor- 
rosion properties. 


A study is being conducted at Nuclear Metals 
on the effects produced by helium generated in 
beryllium during the irradiation of the metal.” 
Tests will be conducted at 500°C. The extent of 
any swelling will be noted, and on completion of 
the tests the samples will be melted and the 
amount of helium evolved will be determined. 
(A. J. Griest) 
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Solid Hydrides 


Zirconium Hydride 


Battelle is measuring the isothermal diffusion 
rates of hydrogen in zirconium and zirconium 
hydride’ in an effort to obtain information which 
will aid in the interpretation of the experiment- 
ally determined migration patterns. It was 
found that the diffusion rate for hydrogen in beta 
zirconium is of the order of 10°‘ cm*/sec at 
600 to 700°C. The diffusion rate for hydrogen in 
delta zirconium hydride was found to be 1.1 x 
10-' cm?/sec at 400°C. 

Oak Ridge’® is investigating the crystal struc- 
ture of zirconium hydride and other transition 
metal hydrides by X-ray diffraction at both high 
and low temperatures. They have shown thatthe 
crystal structure of the higher hydrides of zir- 
conium are cubic close-packed with hydrogen 
atoms in tetrahedral interstices. The tetragonal 
distortion in the higher hydrides at room tem- 
perature was observed. A mechanism of hydride 
formation was postulated. 

Denver Research Institute is studying the 
dissociation pressures of zirconium alloy hy- 
drides.'' No data have been reported yet. 
Alloying constituents used are lanthanum, nio- 
bium, praseodymium, scandium, titanium, and 
vanadium. 


Zirconium-Uranium Hydride 


The hydride of a zirconium-uranium alloy is 
still being considered for possible use as a 
combination fuel moderator. Knolls and Bat- 
telle'? are measuring the solubility of hydrogen 
in these alloys. The latter work shows that the 
dissociation pressure of the hydride of a 1 wt.% 
uranium alloy does not differ noticeably from 
the dissociation pressure of the hydride of pure 
zirconium. Knolls is also studying the migration 
of hydrogen in zirconium-uranium alloys. 


Battelle’? is preparing a 1 wt.% enriched ura- 
nium-zirconium alloy hydrided to a hydrogen- 
zirconium atomic ratio of 1.6 for irradiation at 
1200 and 1500°F. (J. B. Vetrano) 
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Control-rod Alloys 


Hafnium 


The high cost of crystal-bar hafnium has some- 
what curtailed its use as a control-rod ma- 
terial. However, the Bureau of Mines reports’ 
that recent developments in the Kroll process 
technique for producing hafnium, using sodium- 
magnesium reductants, results in high-purity 
sponge material amenable to hot- and cold- 
fabricating techniques. Previous Kroll process 
hafnium could not be fabricated because of 
impurities. 

Bettis has found that sponge-hafnium material 
is harder, stronger, and less ductile and has 
greater notch sensitivity than crystal-bar haf- 
nium. This is due to the slightly higher im- 
purity content in the sponge hafnium. No dif- 
ferences between the materials were noted in 
density, corrosion resistance, or weldability. 


Silver-base Alloys 


Bettis’ irradiated a silver—15 wt.% indium- 
4.8 wt.% cadmium alloy to a maximum exposure 
of 1.4410"! nvt thermal. Hardness of the 
specimen with greatest exposure increased 
from 56 to 72 DPH, whereas the specimen re- 
ceiving the lowest exposure (0.33 x 10*' nvt) 
increased in hardness to 94 DPH. Yield strength 
increased from 8400 to 13,650 psi for the 
highest exposure sample and to 27,900 psi for 
the lowest exposure sample. There were no 
changes in the ultimate strengths. The strength- 
ening effects probably resulted from formation 
of tin by transmutation from indium. Highest 
exposure samples showed less increase in 
strength because high temperatures during irra- 
diation partially annealed out effects of strength- 
ening. There were no dimensional or metallo- 
graphic changes. 

A silver-15 wt.% indium-5 wt.% cadmium 
alloy corrosion tested for 224 days in static 
neutral water at 500 to 650°F showed corrosion 
rates of 0.11 to 0.18 mil per year.’ Irradiated 
specimens had the same corrosion rates as 
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unirradiated specimens after 28 days in static 
neutral water at 650°F. . 


In a dynamic-loop corrosion test, a silver - 
14.8 wt.% indium-5.6 wt.% cadmium alloy was 
exposed to 4 x 10'* nvt thermal in 510°F, dy- 
namic (19 fps), high pH (9.5 to 10.5 with KOH) 
water.’ After 21 days the samples displayed 
zero corrosion rates. This was probably due to 
the formation of tin during irradiation since 
tin is known to improve the corrosion resist- 
ance of silver-indium-cadmium alloys. 


Bolted assemblies of silver-—15 wt.% indium - 
5 wt.% cadmium in contact with Zircaloy-2 and 
type 304 stainless steel showed no evidence of 
contact-line corrosion after 750 hr in 680°F 
water. Corrosion rates when calculated on the 
basis of exposed area were found to be com- 
parable to corrosion rates of individual samples. 


Creep-test data’ obtained at Bettis for a 
wrought silver —15 wt.% indium —5 wt.% cadmium 
alloy indicate that a stress of 135 psi at 550°F 
results in a creep rate of 1 per cent in 10,000 
hr. If the dead-load stress in service is 43 psi, 
the actual creep at 550°F for a life of 50,000 hr 
will result in about 0.5 per cent strain. An ex- 
truded and annealed (2 hr at 650°C) powder alloy 
appears to have a much higher creep strength 
than the wrought alloy.‘ At 4870 psi and 600°F, 
the wrought alloy had a minimum creep rate of 
1.5107 in./(in.)(hr) and ruptured in 13 hr, 
whereas the powder alloy at 5000 psi and 600°F 
is showing a minimum creep rate of 5.77 x 107° 
in./(in.)(hr) after 600 hr. 


Knolls is attempting to improve the mechani- 
cal properties of the silver-indium-cadmium 
alloys through addition of platinum, palladium, 
rhodium, iridium, ruthenium, arsenic, antimony, 
and tin in amounts up to 1 wt.%. Additions of 
platinum in excess of 0.1 wt.% were found to 
increase the strength considerably. However, the 
previously reported increase in yield strength 
from 13,100 to 34,800 psi for an alloy with a 1.0 
wt.% platinum addition was found to be high. 
Work hardening of the specimen during a forging 
operation is believed to have led to the high 








s str 
cre 


rr, 


to 


} ra 
tha 


/2 


PTewPors se eos ge 





LS 


atic 


_. ibs 
was 


OH) 
iyed 
e to 
ince 
ist- 


im — 
and 
e of 
0°F 
| the 
om- 
les. 


ea 
ium 
0°F 


psi, 
0 hr 


lloy 
ngth 
°F, 
te of 

hr, 
)0°F 
10~* 


ani- 
ium 
jum, 
ony, 
is of 
d to 


ngth 
1 1.0 
1igh. 
ging 
high 





CONTROL MATERIALS 25 


strength results. Iridium has been found to de- 


_ crease the strength of the alloy. 


Silver-iridium-cadmium-tin alloys, made up 
to simulate material which has undergone ir- 


| radiation, have significantly greater strength 
| than the base alloy.® A silver -15 wt.%iridium — 


5 wt.% cadmium alloy extruded and heat-treated 
% hr at 400°C and air-cooled had a yield 


Table Ill-1 


Boron - Stainless Steel 


Bettis® investigated austenitic stainless-steel 
alloys containing up to 3 per cent boron for 
possible use as a control-rod material. Irra- 
diation of the alloys resulted ina large decrease 
in impact strength. Table [II-1 illustrates the 
effect of irradiation on impact strength of 
B'°— stainless-steel alloys. Hafnium and stain- 


RESULTS OF IMPACT TESTS ON IRRADIATED B"*- 


STAINLESS-STEEL ALLOYS (BETTIS DATA*) 





Testing 
Material Condition temp., °F 

Hafnium* Annealed RT 

Hafnium Annealed 600 

Type 347 stain- Annealed RT 
less steelf 

0.5 wt.% B'*- Annealed RT 
stainless steelf 

0.5 wt.% B'*- Annealed 600 
stainless steel 

0.5 wt.% B*®- Postirradiation RT 
stainless steel heat-treated§ 

0.5 wt.% B'*- Postirradiation 600 
stainless steel heat-treated 

0.85 wt.% B'®- Annealed RT 
stainless steel 

0.85 wt.% B'®- Annealed 600 
stainless stee! 

0.85 wt.% B'®- Postirradiation RT 
stainless steel heat-treated 

0.85 wt.% B’*- Postirradiation 600 
stainless steel heat-treated 
85 wt.% B'*- Nitrogen RT 
stainless steel quenched 

0.85 wt.% B®- Nitrogen 600 
stainless steel quenched 








* Hafnium annealed at 1600°F and furnace-cooled. 
+t Bent; did not fracture. 


Non- 
Exposure, nvt 

irradiated Irradiated 

Izod, ft-lb Izod, ft-lb Thermal Fast 
2.38 1.14 2.7 x 107° 3x 10'8 
8.83t 8.16t 2.7 x 107° 3x 108 
15.90T 15.60t 3 x 107° 6 x 10'° 
9.52t 1.48 3 x 107° 3 = 10" 
8.43t 1.48 3 x 107° 3 x 10" 
9.52t 0.52 6.6 x 107° 1.5 x 107° 
8.43t 0.34 6.6 x 107° 1.5 x 107° 
5.67 0.24 9 x 10° 1.8 x 107° 
5.70 0.18 9 x 107° 1.8 x 107° 
6.05 0.24 9 x 107° 2.1 x 107° 
5.93 0:36 9 x 107° 2.1 x 107° 
5.77 0.36 6.6 x 107° 1.8 x 107° 
6.62 0.48 6.6 x 107° 6 x 10'* 


t Stainless steel and B’°~ stainless steel annealed at 1950°F, 1 hr and furnace-cooled. 


§ Postirradiation heat-treatment: 24 hr at 750°F. 


strength of 17,570 psi, whereas a similarly 
treated silver-15 wt.% indium-3.5 wt.% cad- 
mium-1.5 wt.% tin alloy had a yield strength 
of 25,230 psi. Aging these alloys produced a 
marked drop in strength. The base alloy had 
yield strengths of 9500 psi after aging at 600°F 
for 720 hr and 7700 psi after 1440 hr at 600°F. 
Drop in yield strength of the alloy with the tin 
addition was not as great, the yield strength 
being 23,000 psi after 720 hr and 21,020 psi 
after 1440 hr. 


less steel are also listed for comparison. Clad- 
ding the boron~- stainless-steel core with aus- 
tenitic stainless steel improved the impact 
strength somewhat, but the material still fell 
short of specifications. (V. W. Storhok) 


Dispersion-control Materials 


Compartmented type control rods continue to 
be investigated at Bettis. A series of specimens 







26 


containing compartments filled with B,C (en- 
riched boron, approximately 90 per cent B'®) 
and clad with Zircaloy-2 is being completed. 
A second type of compartmented rod contains 
boron pins which are made by extruding boron 
powder mixed with a binder and subsequently 
sintering the pins in hydrogen to remove the 
binder. A rod was prepared in this manner to 
be used for shock testing; however, local swell- 
ing occurred at 700°C, probably due to residual 
binder or adsorbed hydrogen. Additional speci- 
mens are being prepared. Battelle has been 
corrosion testing irradiated nondefected single- 
compartment specimens containing TiB}’, B’°, 
and Bj°C powders. Examination revealed no 
defects after exposure to 500°F water for 2500 
hr. The TiB}® specimens showed a slight en- 
largement opposite the weld, and the B'® speci- 
men showed surface pitting near the edge, 
but none of the specimens were enlarged over 
the boron-containing compartment. The amounts 
of helium released are being determined, but 
measurements have not been completed. 

B,C strips are being investigated by Knolls. 
The two types of strips being studied are B,C 
depleted to 3 wt.% B'° and fabricated to 60 per 
cent of theoretical density and 11 wt.% natural 
B,C dispersed in Al,O, and fabricated to 60 
per cent of theoretical density. Specimens will 
be placed in capsules pressurized to 1800 psi 
and irradiated in the MTR at 650°F maximum 
temperature under steady-state conditions. 

Radiation effects on various boron-containing 
powders are being studied at Battelle. Postir- 
radiation tests being conducted include X-ray 
diffraction, metallographic examination, par- 
ticle-size determination, helium analysis after 
heat-treatment at a series of temperatures, 
high-temperature water-corrosion tests, and 
analysis for total lithium and helium retained 
in the powder. ZrB, powder which has been 
irradiated to a calculated burn-up of greater 
than 80 wt.% B*° is being examined. Prelimi- 
nary analytical results show that 0.5 per cent 
of the calculated helium produced was con- 
tained in the capsule gas. Actual burn-ups will 
be determined from cobalt dosimeters enclosed 
in the capsule and by lithium and helium analy- 
sis of the powder. Other powders being in- 
vestigated include Hf{B,, B,C, partially enriched 
Hf{B,, EuB,, and CaB,. 

A report published by Knolls’ contains a 
discussion of the advantages of using dispersed 
boron control materials rather than boron 
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alloys. Calculations are made to determine the 
effect of particle size and loading on the amount 
of undamaged matrix remaining after irradia- 
tion. Results of these calculations are quali- 
tatively compared to actual results obtained on 
irradiation specimens at Knolls and other labo- 
ratories. As would be predicted, the dispersions 
show improved resistance to irradiation when 
compared to the alloys. 

Work with dispersions of rare-earth oxides 
in metallic matrices is in progress at Oak 
Ridge.® Fabrication procedures and mechanical- 
property data are being obtained for Inconel- 
clad tubular control rods which contain a core 


Table 11-2 EFFECT OF MATRIX MATERIAL, SINTERING 
TEMPERATURE, AND SINTERING TIME ON THE 
VOLUME CHANGE OF EUROPIUM OXIDE 
DISPERSIONS (OAK RIDGE DATA‘) 





Sintering Sintering Volume 








temp., time, change, 
Matrix material *c "Cc % 

['ype 302B stainless steel 1230 1.5 + 6.71 
1120 1.5 +6.17 

Type 304 stainless steel 1230 1.5 + 6.22 
Electrolytic iron 1150 1.5 —2.13 
Nickel 1150 1.5 ~1.52 
Chromium (0.6 wt.% silicon) 1150 1.5 + 2.15 
Silicon 1200 1.5 +5.86 
Elemental type 304 stainless 1200 1.5 + 0.33 
steel (<1 wt.% silicon) 1175 1.5 + 0.00 
Elemental type 304 stainless 1200 1.5 —4.43 

1.2% 


steel (<0.2 wt.% silicon) 1200 





(G. W. Cunningham) 


of 30 wt.% Lindsey oxide (mixture of Sm,O;, 
Gd,O,, and small amounts of other rare-earth 
oxides) dispersed in nickel. At 1500°F the core 
material showed no appreciable ductility, sup- 
posedly because of stringering and agglomera- 
tion of the oxide particles. Inconel-clad extruded 
specimens cracked badly during cooling. At 
1500°F two tensile specimens showed elonga- 
tions of 5 and 2 per cent, respectively, com- 
pared to less than 0.1 per cent for the core 
specimens. In addition Oak Ridge is developing 
a dispersion of 30 wt.% Eu,O, in an iron-base 
material as a substitute for a control rod of 
3 wt.% B'°® dispersed in iron. The preliminary 
work was carried out with Lindsey oxide No. 
921 which was agglomerated by firing at 1700°C, 
then crushed to —44 y size, mixed with —44 u 
stainless-steel picture-frame pack, and hot- 
rolled at 1150°C to a total reduction of 91 per 
cent. Although the work with this Sm,O,-Gd,O, 
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mixture gave good results, Oak Ridge indicates 
that a reaction takes place when Eu,O, is dis- 
persed in stainless steel. An electron micro- 
graph shows a reaction zone between adjacent 
Eu,O, and stainless type 302B particles. Also 
an increase in volume, rather than a shrinkage, 
occurred when the dispersion was sintered. 
Based on a series of sintering tests, itis stated 
that the silicon content of the matrix powders 
is important in determining the extent of re- 
action. As shown in Table III-2, reaction is 
indicated with silicon and those powders which 
contain high silicon contents; however, no ex- 
planation is given as to why the high-silicon 
stainless powder reacts more than the pure 
silicon. Also the data are not corrected for ex- 
pected differences in shrinkage of the different 
matrices when Eu,O, is not present. Neverthe- 
less, in general, some shrinkage would be 
expected in all the materials. 
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Corrosion 


Corrosion by Liquid Metals and Fused Salts 


A recent annual progress report! issued by the 
Metallurgy Division at Oak Ridge includes in- 
formation from a myriad of corrosion tests in 
several high-temperature baths. Many materials 
and parameters were evaluated in experiments 
ranging from static screening exposures to ex- 
posures in forced-convection polythermal flow- 
loop systems. The several topics from this re- 
port summarized below illustrate the variety of 
the activities at this laboratory; the particular 
ones chosen for inclusion here are either fairly 
new in scope or serve to shed light on old, 
somewhat controversial issues in the high- 
temperature-liquids corrosion field. 


1. Effect of Grain Size on Attack in the In- 
conel — Fluoride Salt (50 Mole % NaF, 46 Mole % 
ZrF,, 4 Mole % UF,) System. Results of a 
1600°F peak-temperature pumping-loop experi- 
ment with the above combination indicate a good 
possibility for accentuated (perhaps by a factor 
of 2) grain-boundary attack with coarse-grained 
Inconel. The Inconel employed in this case was 
annealed before the experiment for 2 hr at 
1940°F in hydrogen. This treatment produced 
grains varying in size from ASTM No. 5 to 
nearly No. 1; normally, grain size in Inconel 
is in the ASTM 4 to 8 range. 

This general result demonstrates that con- 
tainment-material grain size should be recog- 
nized as a corrosion-controlling factor when 
dealing with a corrosion process in which grain- 
boundary penetrations are important. The cor- 
rosion of Inconel by molten fluoride salts is 
characterized by a leaching of chromium which 
leads to the formation of voids at grain bound- 
aries. 


2. Effectiveness of Oxide Formers in Inhibit- 
ing Mass Transfer in the Inconel-Sodium Sys- 
tem. Three 1500°F peak-temperature flow loops 
were operated in this series. Oxide formers 
added to individual systems were, respectively:' 
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1. A 2.27 wt.% concentration of magnesium 
obtained by a pre-exposure of the sodium charge 
to magnesium chips. 

2. Crystal-bar titanium rod in the hot leg. 

3. Crystal-bar zirconium rod in the hot leg. 


As a whole, during 1000-hr exposures, the 
getters had no marked influence either on the 
corrosion (about 1 mil in the hot zone) or on 
the quantity of cold-zone deposit. Before-and- 
after oxygen levels for these systems were not 
reported. If the original levels were low, it is 
not surprising that the getters failed to produce 
a significant change in the corrosion situation. 
Based on past experience pertaining to the role 
of oxygen in the sodium corrosion process, it 
might be expected, if the metal-oxygen levels 
were high, that getters such as were used 
would result in measurably decreased corro- 
sion during a long exposure. 


3. Effect of Cold-trap Temperature on Mass 
Transfer in Inconel-NaK (56 Wt. % Sodium —44 
Wt. % Potassium) Forced-circulation Loops. 
Cold traps in 1500°F peak-temperature NaK 
loops were operated at peak temperatures of 
100, 300, 600, and 800°F; the purpose here was 
to control the oxide level in the test charges by 
means of the decrease in the solubility of sodi- 
um oxide in sodium with increased trap tem- 
perature. Weight determinations of cold-zone 
mass-transfer deposits removed from the vari- 
ous systems after 1000 hr of operation yielded 
the expected trend of increased depesit with in- 
creased cold-trap temperature (actual deposit 
thicknesses ranged from 7 to 20 mils). The 
composition of deposits in all cases was ap- 
proximately 90 wt. % nickel and 10 wt. % 
chromium. 


4. Effect of Flow Velocity on Mass Transfer 
in Inconel-Sodium Loops. Two 1500°F peak- 
temperature flow loops were operated with 
sodium circulating at different velocities to 
check the effect of this parameter on mass- 
transfer accumulations. Specific results after 
1000-hr runs are listed on following page. 
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Loop flow Weight of Thickness of 


rate, gal/min deposit,g deposit, mils 
1% 10.4 12 
3 14 22 


These data suggest that the higher the flow 
rate the greater the corrosion. This is the trend 
that might be predicted for a solubility-de- 
pendent corrosion process occurring in a poly- 
thermal flow system. 


5. Evaluation of Several Alloys for Service 
with High-temperature Sodium. Polythermal 
flow loops fabricated of several alloys were 
operated for 1000 hr to evaluate compatibility 
with high-temperature sodium. Pertinent re- 
sults for 1500°F peak-temperature experiments 
are as follows: 


1. Loops fabricated from types 347 and 304 
stainless steel displayed less mass transfer 
than would be expected from comparable In- 
conel loops. Surface pitting to 2 mils occurred 
in the hot zones of the stainless-steel systems. 


2. A loop fabricated of Incoloy (iron —34 wt. % 
nickel-20 wt. % chromium) displayed both hot- 
zone intergranular corrosion (about 2 mils) and 
cold-zone deposits similar to those in Inconel 
systems. The deposits contained about equal 
amounts of nickel and chromium, along with a 
small quantity of iron. 


3. Hastelloy B loops contained somewhat 
more cold-zone deposits than would be expected 
with Inconel; nickel was the principal deposit 
constituent. Hot-zone attack was of the order 
of 1'4 mils. 

4. Hastelloy W loops contained about 17 per 
cent more mass transfer than did the Hastelloy 
B systems. Hot-zone areas were heavily at- 
tacked to 1'/, mils. 


One experiment was conducted using 1300°F 
peak-temperature sodium in a Hastelloy B sys- 
tem. General corrosion here was comparable 
to that for similar Inconel systems. It would 
appear that attack in sodium-containing Hastel- 
loy B systems increases more rapidly with 
temperature level than is the case for Inconel 
systems. 

Jepson’ reports that niobium has excellent 
resistance to pure molten sodium and sodium- 
potassium alloys at 600°C (less than 1 mil at- 
tack per year), but oxygen in the coolant in- 








creases the rate of attack and must be maintained 
at low levels. 


6. Behavior of Tantalum in Sodium. Flow- 
loop studies have been conducted at Battelle® to 
evaluate the behavior of tantalum (from com- 
mercial sources) specimens in contact with high- 
temperature high-purity sodium; this investiga- 
tion furnished information to the LAMPRE I 
(a sodium-cooled fast reactor featuring tantalum 
as the molten-plutonium-alloy container ma- 
terial) development program at Los Alamos 
Scientific Laboratory. The exposures were made 
in small polythermal forced-convection flow- 
loop systems, each fabricated of type 316 stain- 
less steel and equipped with a cold trap, a zir- 
conium-foil-filled gettering trap, and a plugging 
indicator for control and monitoring of sodium- 
oxygen levels. Conditions for the majority of 
experiments were as follows: peak sodium tem- 
perature, 1200°F (the primary specimen ex- 
posure temperature); nominal fluid-tempera- 
ture cycle, 500°F; oxygen level in sodium, from 
<10 to 80 ppm; and test period, from 200 to 
1200 hr. 

The general trends established from the 
tantalum-sodium research are listed below; 
they leave little doubt about the excellence of 
tantalum for sodium containment in the 1200°F 
range. 


1. Specimen weight losses were fairly low; 
the maximum loss recorded represents only 
about 1 mil of metal removed from the exposed 
surfaces per year. There was, however, a dis- 
cernible effect of sodium-oxygen level on tanta- 
lum weight loss; as might be expected, higher 
oxygen levels led to increased removal of metal. 

2. Although the nitrogen content of the tanta- 
lum specimens was not affected by sodium ex- 
posure, their oxygen content, which originally 
ranged from about 100 to about 300 ppm, was 
consistently lowered to the neighborhood of 75 
ppm. This removal of oxygen from tantalum 
by sodium could not have been predicted from 
available thermodynamic information except for 
the case of very pure sodium, containing oxygen 
in the 1 ppm range, for example. 

3. Metallographic examinations of exposed 
tantalum specimens indicated that intergranular 
attack had not occurred. The only effect detected 
was a slight roughening of the exposed surfaces. 

4. Posttest inspections of loop systems thus 
far completed have not yielded evidence of the 
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formation of cold-zone mass-transfer deposits 
of significant magnitude. 


7. Solubility of Carbon in Sodium, The car- 
bon content of high-temperature containment 
materials can be altered by exposure to molten 
sodium. The solubility of carbon in sodium, 
which is basic to this situation, has recently 
been determined at Knolls.‘ For the experi- 
mental conditions employed the following equa- 
tions can be used to relate solubility, S, in ppm 
to bath temperature, T, in degrees centigrade. 


In S = 4.96 -6.21 x 10°/T at 0.004 wt.% oxide 
content 


In S = 5.61-—3.76 x 10*/T at 0.026 wt.% oxide 
content 


The variation represented is 32 to 74 ppm over 
the test-temperature range of 147 to 700°C at 
the 0.004 wt. % oxide level; at the 0.026 wt. % 
level, the corresponding variation is from 112 
to 186 ppm. 


8. Corrosion by Molten Heavy Metals. The 
Coolant Chemistry Laboratory at Knolls recent- 
ly investigated’ the behavior of the Chromel- 
Alumel combination in the following five heavy- 
metal baths held at 1000°F: lead, bismuth, 
bismuth-5 wt. % lead, bismuth—45 wt.% lead, 
and tin. Both materials suffered severe attack. 
In the case of Alumel, intergranular penetration 
was prominent; Chromel also displayed this 
kind of attack and was, in addition, badly em- 
brittled. The investigation also covered the com- 
patibility of an 8 wt. % uranium-zirconium alloy 
in the above media. This alloy was consistently 
damaged through the formation of intermetallic 
compounds. 


9. Lithium-corrosion Bibliographies. Very 
useful lists of references pertaining to corro- 
sion by molten lithium and related subjects have 
been issued recently.**’ The list compiled by 
Hoffman and Johnson was in connection with a 
Lithium Symposium held at Oak Ridge Aug. 8-9, 
1957. (J. H. Stang) 


Zirconium in Oxidizing Media 


Although the air oxidation of zirconium and 
its alloys, crevice corrosion, hydrogen pickup 
during corrosion testing, and corrosion quality- 
control tests are being studied at several labo- 
ratories, the stringer type corrosion phenome- 
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non observed for Zircaloy compositions 
continues to receive major attention. Efforts 
to date, directed toward determining the rela- 
tion between fabrication procedures and stringer 


corrosion and the mechanisms which promote f 


stringer formation, have not established the ex- 
act nature of the stringers or a successful 


treatment to salvage material already com- f 


mitted to manufacture. Studies at Bettis,®:*how- 
ever, have indicated two important facts: 


1. Vacuum-melted zirconium alloys are less | 


susceptible to stringer corrosion than are inert- 
atmosphere-melted alloys. 

2. Fabrication and heat-treatment history in- 
fluence corrosion behavior in high-temperature 
water and steam; e.g., available records indi- 
cate forged materials are more resistant than 
bloomed materials. In addition, annealing treat- 
ments at 1800°F for 4 to 8 hr, followed by an 
air quench, improve corrosion properties. Some 
benefit also was observed for a 1700°F treat- 
ment, whereas 1500 and 1600°F anneals did not 
result in any improvement. This change in 
corrosion behavior is explained on the basis of 
the solution and redistribution of the inter- 
metallic compound particles in the matrix. 


A comprehensive review, comparison, and 
critique of the zirconium-water reaction rate 
experiments of the past several years has been 
published by Bettis.'® The general conclusion is 
that fair agreement of experimental results 
exists for widely different experimental tech- 
niques, and recommendations are made as to 
which data should be utilized in analytical 
studies. 

The development of an accelerated test tode- 
tect regions of inferior corrosion resistance of 
Zircaloy materials also has been the subject of 
investigation at Bettis. Current results have 
indicated that an electrolytic technique, in which 
Zircaloy is made the anode in an ammonium 
diborate electrolyte, could be used with a fair 
degree of reliability to differentiate between 
stringered and unstringered material. 

Crevice corrosion has been the subject of in- 
vestigation at Knolls. Simulated crevices fabri- 
cated using sandwich type specimens of Zirca- 
loy-3 have been used to study the effect of 
various washing techniques after pickling on 
corrosion behavior. Barrier voltage measure- 
ments, after 3 to 14 days of exposure in steam, 
indicate that a protective film was beginning to 
form under white corrosion product developed 
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in samples allowed to dry after pickling. This 
appears to suggest that crevice corrosion may 
not be expected to continue to a dangerous extent. 

Studies which have contributed to an under- 
standing of the oxidation and scaling behavior 
of zirconium and its alloys are being conducted 
at Case Institute of Technology.'! In these 
studies the scaling behavior of binary and ter- 
nary zirconium-base materials containing a 
maximum alloy content of 5 wt.% was determined 
in air at temperatures up to 1800°F. Of the 23 
elements investigated, only nickel or copper 
additions significantly reduced scaling of unal- 
loyed zirconium. Ternary zirconium-base al- 
loys, in general, show little or no improvement 
in scaling behavior over that exhibited by the 
binary alloys. 


Aqueous Corrosion of Aluminum Alloys 


It has been demonstrated that aluminum can 
be made resistant to high-temperature water 
by small additions of nickel, iron, and copper. 
For optimum corrosion resistance, however, 
the second-phase particles of these alloys must 
be small and evenly distributed. In the presence 
of an adequate concentration of the second phase, 
the attack in water at 400°F and higher changes 
from localized penetration at grain boundaries 
and blister formation to the more desirable uni- 
form over-all attack. 

The mechanisms and kinetics of the aqueous 
corrosion of these alloys have been reported 
by Troutner of Hanford'® and by Krenz of Chalk 
River.'® In general, the data reported are in 
good agreement and indicate the following: 

1. The corrosion product formed during the 
aqueous corrosion of aluminum consists of a 
thin, compact barrier film adjacent to the metal 
and a thicker and more permeable bulk film. 

2. The barrier film is amorphous, whereas 
the bulk film is composed of a crystalline-hy- 
drated oxide. 

3. The corrosion process is controlled by the 
bulk film and not the barrier film. 

4. The composition of the water affects the 
corrosion rate by altering the solubility and 
composition of the bulk film, whereas radiation 
and heat flux do not appear to alter corrosion 
behavior. 

5. The onset of intergranular attack appears 
to be related to crystallization of the barrier 
film. The bulk film does not control the rate of 
intergranular attack. 
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6. The effect of alloy additions is manifested 
in the base metal and/or barrier film and not 
in the bulk film. 


Probably the greatest obstacle to the use of 
aluminum-nickel alloys in their present state 
of development is the friability of the corrosion 
film. Coupled with this are the relatively poor 
mechanical properties of the alloys at elevated 
temperatures. In cooperation with the Aluminum 
Alloy Task Group’s program to develop new 
aluminum-base alloys, corrosion studies are 
being conducted at several laboratories. Pre- 
liminary data reported by Hanford and Bettis"* 
have shown that experimental alloys containing 
from 1.5 to 5 per cent nickel with additions of 
iron and copper or copper and titanium are 
more resistant to intergranular attack than the 
present M-388 and M-400 aluminum-nickel al- 
loys. 


Aqueous Corrosion of Stainless Steels 


The use of type 304 stainiess steel as a clad- 
ding material for fuel elements may be ac- 
companied by corrosion problems under severe 
conditions of exposure. Work conducted at 
Knolls and Oak Ridge’® has shown that anneal- 
ing, brazing, and welding treatments during the 
fabrication of a fuel element may cause suf- 
ficient diffusion of carbon from the fuel core 
into the type 304L stainless-steel cladding to 
transform the material into a type 304 (normal 
carbon) alloy. Normally, sensitized 18-8 stain- 
less steels are not subject to intergranular 
attack in high-temperature water. However, if 
such sensitized materials are treated for even 
a short time in an aggressive acid, some light 
surface intergranular attack occurs. Although 
this attack may not be detrimental, subsequent 
immersion in high-temperature water may lead 
to severe intergranular penetration. The latter 
is belived to result from entrapped acid in the 
surface grain boundaries. 

Substitution of type 347 stainless steel for 
the low-carbon type 304L stainless-steel frame 
and cladding material results in a composite 
plate which, after fabrication, is not subject to 
intergranular attack. (W. K. Boyd) 


Oxidation of Niobium and Molybdenum 


Two studies have been published concerning 
oxidation principles of niobium and niobium al- 
loys. An electron micrograph study conducted 
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at Oak Ridge’ indicates that the transition from 
protective (parabolic type) scale formation to 
nonprotective (linear type) scale formation at 
400°C is associated with the appearance of 
small blisters in the scale. The initial scale is 
adherent, and rippled blisters formed by ac- 
celerated local reaction ultimately result in the 
white porous scale associated with linear oxi- 
dation of niobium. The final linear rate is con- 
trolled by oxygen diffusion across a statistically 
constant adherent film. Battelle'* work indicates 
that, at 1000 and 1200°C, the oxidation behavior 
of niobium alloys is controlled by size and va- 
lence of the alloying metalions and by the chemi- 
cal, physical, and mechanical properties of new 
scale phases formed during oxidation. In the 
low alloying range the addition-metal ions are 
soluble in Nb,O;. Smaller ions (chromium, 
vanadium, and molybdenum) contract the scale, 
promoting compact scale formation and de- 
creased oxidation rates, and higher valence ions 
(Mo**) reduce diffusion rates through the com- 
pact scale. Larger ions (tantalum, tungsten, and 
zirconium) and lower valence ions (Zr**) have 
opposite effects and decrease oxidation resist- 
ance. With additions of more than 15 at.%, new 
scales are formed. These are nonprotective 
with molybdenum, vanadium, and chromium but 
are protective and stable with titanium and zir- 
conium. Tenfold improvements in oxidation rate 
compared to pure niobium were possible by 
binary alloying. 

Molybdenum can be protected from oxidation 
by sprayed coatings of aluminum-chromium- 
silicon, nickel-chromium-boron, and nickel- 
silicon-boron; electroplates of chromium and 
chromium-nickel; and claddings of pure nickel, 


according to a study completed at Climax Mo- | 


lybdenum Co.'’ The sprayed coatings had best 
oxidation resistance but only moderate erosion 
resistance at 1800°F. The electroplated and 
clad specimens showed good erosion resistance 
but lower oxidation resistance than the sprayed 
coatings. Nickel-base coatings are self-healing, 
forming NiMoO, at cladding defects. This oxide 
is protective, although it spalls from large areas 
on cooling. Protection at temperatures as high 
as 2600°F for at least 4 hr is possible with 
sprayed aluminum-chromium-silicon. These 
methods of protection are making possible the 
use of molybdenum in jet engines. 

(W. D. Klopp) 





Corrosion of Nickel and Nickel-base Alloys 


1. Oxidizing Media. Some of the effects oi 
high-temperature oxidation on high-temperature 
high-strength nickel-base materials (Nimonic 
type alloys) have been qualitatively recognized 
as surface depletion of the more reactive in- 
gredients (chromium, aluminum, and titanium) 
and surface fissuring of materials subjected to 
oxidation. Parfenov'’ has explained the occur- 
rence of fissures in such materials as resulting 
from recrystallization in the surface regions of 
the metal as a result of alloy depletion. Recent- 
ly, workers at the French National Office of 
Studies and Aeronautical Research’® studied the 
effects of oxidation on Nimonic-80 and -95, 
among other alloys, and presented a theoretical 
analysis of the expected changes in mechanical 
properties of the alloys. 

Regarding the oxidation resistance of specific 
materials, the National Bureau of Standards has 
a program in progress in which the oxidation 
resistance of various experimental alloys at 
elevated temperatures is being examined. Two 
alloys’'**? studied to date are nickel-base Hastel- 
loy R235 and Hastelloy W. Both these alloys 
follow the parabolic rate law, and activation 
energies for the oxidation reaction were cal- 
culated as 58,900 cal/mole for Hastelloy R235 
and 57,200 cal/mole for Hastelloy W. (These 
activation energies have not been correlated 
with a particular oxidation mechanism but are 
intended only to show the temperature de- 
pendency of the oxidation reaction.) Direct com- 
parison of these alloys and other heat-resistant 
materials will be made in a future report. 

Work at Knolls has dealt with the corrosion 
of Inconel in water at 600°F to determine its 
suitability for a pressure vessel seal ring. 
Two-week exposures to ammoniated water con- 
taining hydrogen and to aerated water showed 
no corrosion in the hydrogen-containing water 
but showed a thin, nonadherent, yellow film in 
aerated water (quantitative attack was very 
slight, 0.4 mg/dm’). 


2. Nitriding Media. Experimentation by 
Trillat et al.** showed that at 300 to 390°F am- 
monia reacts with nickel, wherein nitrogen pene- 
trates the lattice, causing expansion of the face- 
centered cubic nickel structure. Above 390°F 
nitrogen (from ammonia) transforms the lattice 
to a hexagonal close-packed structure corre- 
sponding to Ni,;N. Although the reported mecha- 
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nisia is not necessarily a corrosion process, 
the possible effects of structural modification 
by the penetration of the environment make this 
worthy of mention. 


Oxidation of Chromium 
and Chromium-base Alloys 


Ames Laboratory"* reported the results of 
corrosion tests in 570°F steam for exposure 
times up to 28 days. Alloys containing from 40 
to 60 at. %chromium (balance vanadium or 
molybdenum) showed no significant corrosion. 
(Molybdenum-vanadium, tungsten-vanadium, 
and tungsten alloys were severely corroded by 
these conditions.) Oxidation at 930°F showed 
“little or no oxidation” of 60 wt. % chromium -— 
40 wt.% (vanadium, molybdenum) alloys. 


Radiation Effects on Cladding 
and Structural Materials 


Basic Studies 


Recent reference on the fundamentals of ir- 
radiation effects deals mainly with correlation of 
physical and crystal-lattice expansion and of 
electrical conductivity with motion of defects 
by annealing. 

The work at the University of Iinois®® on 
low-temperature deuteron irradiation of metals 
has shown reasonably good correlation of physi- 
cal expansion with crystal-lattice expansion and 
electrical conductivity. The measurements of 
physical expansion of copper, made during ir- 
radiation with 8.5 Mev deuterons at 17°K, 
agree with prior lattice-expansion data, within 
the errors for both measurements. The con- 
centration of defects calculated from the ex- 
pansion gave 7.6 x 10~! per deuteron per cm’ 
or 6.4 per deuteron, which is about one-sixth 
the amount given by theory. The annealing of 
physical expansion follows that of lattice ex- 
pansion and resistivity. From determination of 
activation energy,”® Illinois workers conclude 
that the annealing process below 60°K is mainly 
one of movement of interstitials, with inter- 
stitials and vacancies occurring as close pairs. 
Assuming 5 ev for formation of a Frenkel de- 
fect, the energy was estimated as 5.4 cal/g/ 
yohm-cm. By comparison, Overhauser®’ ob- 
tained 1.7 cal/g/yohm-cm from liquid nitrogen 
temperature to room temperature. Correcting 
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nitrogen temperature, the data would indicate 
a stored energy of 1.9 cal/g/pohm-cm as com- 
pared to Overhauser’s data. 

Willis and Smallman*® have carried out a 
study which sheds light on the mechanism of 
radiation damage in ionic compounds. They 
reported extensive work on slow-neutron-ir- 
radiated lithium fluoride, wherein marked ef- 
fects would be expected from the (n,a) reaction 
in Li®, Linear crystal expansion was observed 
up to 1x10"? slow neutrons per cm’; beyond 
this, expansion was nonlinear, with a maximum 
at 4 x 10'' and a decrease on further irradiation. 
Strain, as observed by X-ray diffraction broad- 
ening, started increasing at 1 x 10'’ neutrons 
per cm’* and was linear to 7.2 x 10"* neutrons 
per cm’. They found an agglomeration of defects 
above 3 x 10" neutrons per cm’ as indicated by 
low-angle X-ray scattering. From the expansion 
the number of defects per (n,a) reaction was 
estimated at 1900. Thus the initial defects are 
of the Frenkel type, with agglomeration occur- 
ring at about 2 per cent defects. The defects 
anneal out between 400 and 500°C, but gas bub- 
bles of 6 » square cross section format 700°C. 
The agglomeration of defects at higher irradi- 
ations would decrease the concentration of inter- 
stitials and centers of expansion. Therefore 
these results are essentially consistent with 
the early work of Binder and Sturm” at lower 
total flux and of Keating*® at higher flux. 

Hanford*' has obtained additional data on an- 
nealing of neutron-irradiated molybdenum which 
indicates two processes. The first was com- 
pleted around 200°C and accounted for less than 
one-half of the irradiation-induced damage. The 
crystal-lattice expansion correlated with hard- 
ness. (A. E. Austin) 


Effects of Irradiation on 


Mechanical Properties 


Further results of studies of the effects of 
irradiation on the properties of Zircaloy-2 have 
been reported by Hanford.” Irradiation to 1.4 » 
107! nvt (thermal flux) produced the following 
effects: 


1. Developed yield point. 

2. Increased yield strength approximately 60 
per cent. 

3. Increased ultimate tensile strength ap- 
proximately 17 per cent. 
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4. Reduced total elongation ~ 35 per cent. The effects of irradiation on the postirradi- 
5. Flow curve exhibited region of low work ation tensile properties of several magnesium 
hardening after yield, and strain-hardening ex- loys have been reported by Harwell.” Speci- 
ponent was lowered to nearly the same value mens were irradiated to doses of approximately 
as for cold-worked material. 

















100 . _— 
When material was cold-worked 50 per cent e 7 o Hae 

prior to irradiation, the yield point did not de- x / 
velop, the yield strength increased 30 per cent, . wr f q 
the ultimate tensile strength increased 17 per ci i F 
cent, and elongation was reduced 51 per cent. a = ; 
Annealing tests indicated that the yield point ° ; 
‘could be removed by annealing at 300°C after = i 
irradiation. Appreciable recovery as measured ws 40 ’ 
by yield strength required higher temperatures, » 10 HR b 
as shown in Fig. 8. The data also show that the ~ 
recovery of radiation damage occurs by a mech- S 20-- 
anism comparable to recovery from cold work. e 

The activation energy for 50 per cent recovery | 

of yield strength was calculated to be 49,200 260 ~— “a6 


cal/mole. 


ANNEALING TEMP, °C 
Further information®® has been reported by 


. ; y : Fig. 8—Recovery of radiation damage in annealed 
Phillips on the effects of irradiation on various Zircaloy-2. OO, 100-hr anneal of irradiated zirco- 


structural materials. Table IV-1 shows the re- nium.” @, 100-hr anneal of 15 per cent cold-worked 
sults of tensile tests of irradiated specimens. Zircaloy.** a, 100-hr anneal of irradiated Zircaloy-2. 
Irradiated impact specimens are being tested. O, 10-hr yieldof irradiated Zircaloy-2. Hanford data.' 


Table IV-1 TENSILE-TEST RESULTS* 


Tensile strength, 








psi 
Neutron irradiation cine 
diate 0.2% 

Days nvt nvt Rockwell offset Elongation Reduction 

Material in MTR thermal >1 Mev hardness Ultimate yield iniin.,% in area, % 
1601 Croloy 0 0 0 B-83 76,500 57,800 36 71 
42 4.2x 107 4.9 x 10'% B-96 116,600 116,600 63 
84 6.1107 7.8 x 10!% B-95 108,600 108,600 14 60 
Hastelloy X 0 0 0 B-87 112,500 49,400 52 52 
42 4.4x 107 5.0 10'% B-96 129,300 100,200 50 62 
84 1.4107" 1.8 x 10° B-99 130,700 104,000 43 64 
168 1.8107 2.5 x 107 B-100 131,000 106,300 42 59 
Inconel 702 0 0 0 B-82 94,900 42,600 67 68 
42 4.4x 10 5.0 x 10'% B-96 113,100 101,100 50 63 
84 1.4107 1.8 107 B-100 121,500 120,300 41 64 
168 2.4x 107! 2.9 x 107° B-101 130,000 128,800 36 63 
Inconel X 0 0 0 C-27 170,100 103,200 28 36 
(double aged) 42 0.810 o.gx 10% -Cc-30 165,100 143,300 22 30 
84 12x10 16x10 ¢-30 161,300 158,600 14 43 
Inconel X 0 0 0 C-32 184,300 120,300 23 29 
(single aged) 42 0.810% o.8x10!%  C-34 172,600 154,500 18 32 
84 1.2x 10% 1.6 107° C-34 174,000 170,800 13 41 
K monel 0 0 0 C-28 163,400 132,400 22 45 
42 4.2x 10% 4.9 x 109 C-29 168,700 167,600 12 2 
84 6.1 10 7.6 x 10'* C-26 167,600 166,500 il 43 
Type 410 stain- 0 0 0 C-34 177,000 147,700 20 66 
less steel 42 i1.1x 10% 1.1 x 10" 194,200 171,200 17 64 
84 9.9x 107 1.0 107° 201,000 182,800 15 64 
126 2.4x 10% 2.9 x 107° C-34 204,700 188,900 15 58 
126 2.5x 107% 3.3x10%  C-35 204,400 189,300 14 57 


* All test data reported are averages of three samples tested. Reporied by M.S. Robinson.*” 
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10°° nyt at 40 to 50°C. No change in tensile 
properties was noted as a result of irradiation. 
It is concluded that annealing or irradiation 
damage in the magnesium alloys tested occurs 
below 40°C. 

Churchman et al.*® discuss the mechanism 
by which irradiation affects the strength of mild 
steel. They show that for a coarse- and fine- 
grained steel of the same compositions the ef- 
fects of irradiation on yield and fracture stresses 
are about the same, both at room temperature 
and at liquid-nitrogen temperature. Maximum 
irradiation was 5.7 10'® nvt thermal. Fast 
flux was about 75 per cent of thermal. They 
conclude that irradiation hardening is caused by 
dispersed regions of radiation damage such as 
point defects that are sufficiently large to with- 
stand thermally activated movements of dislo- 
cations. It appears that irradiation did not change 
the cohesive strengths of this mild steel. 

Zakhorov and Maksimova’® have reported on 
the effects of neutron irradiation on the marten- 
site transformation. In this work steels with 


low (-10 to -39°C) M, temperatures were used. 


Specimens of these steels were irradiated to a 
maximum dose of 10'' nvt. For different steels 
different effects were observed. In an 8 wt.% 
manganese-0.50 wt. % carbon steel, the Mz 
temperature was raised. In a 23 wt. % nickel- 
0.025 wt. % carbon steel, the M, temperature 
was lowered. In all steels the effects of :rradi- 
ation on the martensite transformation could be 
partially annealed out by storage at room tem- 
perature after irradiation for times ranging 
from 90 to 334 days. Holding at 100°C for 5 to 
10 hr after irradiation practically eliminated 
the effects of irradiation in the 8 wt. % manga- 
nese —0.50 wt. % carbon steel. (D. C. Martin) 


Selected Mechanical Properties of 
Cladding and Structural Materials 


Zirconium and Zirconium Alloys 


1. Zircaloy-2. Investigations at Hanford 
have shown that complete recrystallization of 
25 per cent cold-worked Zircaloy-2 occurs be- 
tween 100 and 1000 min at 600°C and between 
10 and 100 min at 700°C. Grain coarsening was 
observed in 10 per cent cold-worked Zircaloy- 
2 after 100 min at 700°C and 1000 min at 600°C. 
Final grain size obtained in a given time and 
temperature was approximately 5 times greater 


after 10 per cent cold work than after 25 per 
cent. 


Report of work at Auburn Research Founda- 
tion®’ gives values of 0.2 per cent yield strengths 
obtained for Zircaloy-2 from 47,000 psi in ten- 
sion at room temperature to 12,900 psiat800°F 
and modulus of elasticity values from 14.2 x 10° 
psi at room temperature to 6.8 x 10° psi at 
800°F. This is in agreement with work at Bat- 
telle* where the 0.2 per cent offset yield strength 
was reported as 43,000 psi at room temperature 
and 16,200 psi at 800°F. 


The creep strengths of annealed and 15 per 
cent cold-worked Zircaloy-2 are being investi- 
gated at Battelle ®-**.“° over a temperature range 
from 300 to 650°F. Comparison of two different 
lots of Zircaloy-2, in creep, has indicated that 
total creep deformations may vary by a factor 
of 2 from lot to lot of material tested at com- 
parable stresses. The minimum creep rates ob- 
tained in 2000 hr, however, are not subject to 
such variance. The creep strength of 15 per 
cent cold-worked Zircaloy-2 is approximately 
twice that of the annealed material at com- 
parable temperatures. 


An investigation of burst strength of seamless 
and welded Zircaloy-2 annealed and in the cold- 
worked condition has shown the strengths of the 
welded tubes to be generally higher.*® This is 
based on data from tests conducted on tubes of 
comparable diameters, wall thickness, heat- 
treated conditions, and test temperatures. The 
Same general results have been observed for 
zirconium tubes. It has been found at Hanford 
that 1.5- by 0.060-in. zirconium and Zircaloy-2 
tubing can be cold-formed (90 deg bend) in the 
annealed and cold-worked conditions with nomi- 
nal thinning of the wall. 


2. Zircaloy-3. Hanford reports complete re- 
crystallization of 25 per cent cold-worked Zir- 
caloy-3 between 100 and 1000 min at 600°C and 
between 10 and 100 min at 700°C. Specific 
times were shorter for complete recrystalliza- 
tion of Zircaloy-3 than for Zircaloy-2. Increas- 
ing hardness, apparently a result of gas con- 
tamination, was noted after annealing at 700 and 
800°C in both helium and air. A second-phase 
grain-boundary precipitate was evident in the 
10 and 25 per cent cold-worked material after 
100 and 1000 min at 800°C. 


The _nsile properties of Zircaloy-3 at room 
temperature have been investigated at Knolls.*' 
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Large differences were observed in strength 
properties between longitudinal and transverse 
directions of the rolled sheet. The thicker sheet, 
0.185 in., was reported to have higher strengths 
than the 0.065-in.-thick sheet. Table IV-2 sum- 
marizes these data. 


Table IV-2 
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The results of strain-fatigue tests on Zir- 
caloy-2 and -3 are represented graphically in 
Fig. 9. The creep properties of Zircaloy-3 de- 
termined at 300°F and reported by Battelle* 
show Zircaloy-3 to have less creep resistance 
than Zircaloy-2. 


TENSILE PROPERTIES OF ZIRCALOY-3 AT ROOM TEMPERATURE (KNOLLS DATA"’) 





Perpendicular to 
rolling direction 


Mechanical properties 


a«. (2) 


Parallel to rolling 
direction 


(3) (4) (5) (6) (7) (8) (9) 





0.065-in. sheet 


Tensile strength, 1000 psi 62.7 
0.2% offset yield strength, 1000 psi 

53.1 
Elongation in 1 in., % 

34.8 
Reduction of area, % 

52.3 


0.185-in. sheet 


Tensile strength, 1000 psi 


79.8 
0.2% offset yield strength, 1000 psi 
) 73.4 
Elongation in 1 in., % 
36.3 
Reduction of area, % 
50.7 


3.61 71.5 31 60.0 2.23 66.9 14 
53.5 53.1 
63.8 33.8 

4.16 42.4 29 28.0 1,82 22.5 13 
38.5 32.6 

1.46 3.17 30 28.7 1.21 25.2 14 
52.4 45.7 

1.98 47.2 31 38.0 2.50 30.3 14 
90.9 78.1 

2.97 68.7 8 72.6 1.47 67.1 8 
87.4 53.2 

3.49 59.1 7 45.3 2.11 37.4 8 
51.0 35.9 

3.94 21.6 8 31.2 1.25 26.5 8 
57.2 47.4 

1.74 44.2 8 42.0 1.44 


36.6 8 





Note: Columns 2 and 6, arithmetical average; 3 and 7, standard deviation; 4 and 8, 95 per 
cent probability that 95 per cent of values will be in this range; 5 and 9, number of tests. 
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Fig. 9——- Total strain range vs. cycles to failure for 
Zircaloy-2 and -3. ©, Zircaloy-3 at RT, large speci- 


men (diam. = 0.187 in.). 0, Zircaloy-3 at 550°F, large 
specimen (diam. = 0.187 in.). A, Zircaloy-2 at RT, 
large specimen (diam. = 0.187 in.). @, Zircaloy-2 at 
RT, small specimen (diam. = 0.140 in.). @, Zircaloy- 
2 at 550°F, small specimen (diam. = 0.140 in.). 


Other Materials 


Constant-temperature cyclic-strain-fatigue 
tests are reported by Knolls for AISI 347 
stainless steel. Results are interpretedinterms 
of plastic strain range-cycles-to-failure re- 
lation, nN” A€ép = C, where N is the number 
cycles to failure, A€p is the plastic strain range, 
and C is a constant. When considering the above 
relation, neither grain size nor anisotropy ap- 
pears to have a significant effect. However, it 
does appear that the temperature parameter has 
a pronounced effect on the constant C which was 
not revealed for fracture ductility. The results 
are given in Table IV-3. 


The creep strength of Inconel in fused salt 
has been investigated by Oak Ridge*® in the 
1300 to 1600°F temperature range in various 
environments. The effect of grain size on the 
creep properties depends on the testing tem- 
perature. At 1300°F the fine-grained material 
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is stronger than the coarse-grained material 
in all environments. At 1500°F the fine-grained 
material in argon and sodium is stronger but 
is weaker in fused salt. At 1650°F the fine- 


Table IV-3 FATIGUE PROPERTIES OF AISI TYPE 
STAINLESS STEEL (KNOLLS DATA®) 








Temp., Strain range, Cycles to Stress range, 
°C 107 in. failure 1000 psi 
RT 15 4x10 120 
RT 5 2x10 62 
200 19 3.5x 10 96 
200 4 2x10 58 
350 19 3.510 90 
350 4 1.5 x 10° 62 
500 20 ix 10 92 
500 4 1 x 108 62 
600 19 ix 10 84 
600 7 1.5 x 104 60 








grained Inconel is weaker than coarse-grained 
Inconel in all environments. Corrosion induced 
by the fused salt causes a reduction in the creep 
and rupture properties of Inconel at all tem- 
peratures. This reduction is more marked at 
the higher temperatures and for test-section 


Table IV-4 MECHANICAL PROPERTIES OF NIOBIUM 
AND NIOBIUM ALLOYS* 





Composition 
(balance niobium), Hardness, Ultimate tensile Elongation, 





wt.% VHN strength, psi % 
100 Niobiumt 87 36,700 29.3 
0.371 Oxygen 314 122,000 10.4 
0.565 Oxygen 390 Cracked 
7.5 Molybdenum 159 90,000 13 


7.5 Tungsten 113 75,500 10 





* Data reported by Jepson.” 
t Impurities 0.022 wt.% oxygen, 0.006 wt.% nitrogen, 
0.001 wt.% hydrogen. 


thicknesses for less than 0.06 in. It was also 
found that the rupture life of Inconel was not 
decreased by testing under a biaxial stress 
system but that the total elongation at failure 
in the direction of the maximum stress may be 
substantially reduced. By subjecting tubes to 
various ratios of axial and tangential stresses 
and measuring the resultant creep rates, acon- 
siderable change in rupture life was observed. 
The rupture life varied from 200 to2000hr with 
significant variations in creep rates noted. 
Recent British work“ on niobium alloys has 
shown that oxygen increases the strength but 


decreases ductility (Table IV-4). Initial work on 
alloys showed that molybdenum and tungsten 
produce moderate strengthening. Much work 
remains to be done on mechanical properties of 
niobium alloys, especially those which have 
good oxidation resistance. 

Oak Ridge“ work on the annealing behavior 
of niobium has shown that recovery begins at 
800°C, but recrystallization is not complete 
until 1100°C for heavily reduced and 1350°C 
for lightly reduced niobium. Arc-cast niobium 
had larger recrystallized grain size than pow- 
der-metallurgy niobium. (F. R. Shober) 
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Melting 


Research and development studies relating to 
the melting and casting of fuel materials con- 
tinue to be concentrated in areas relating to 
metal quality and alloy homogeneity. Unalloyed 
uranium has received a considerable portion 
of this effort. 


In this regard National Lead Co. has reported 
efforts toward the production of unalloyed ura- 
nium fuel slugs by centrifugal casting.’ The 
slugs are sound, as indicated by the high den- 
sities consistently exhibited. The successful 
blending of various enrichments of unalloyed 
uranium was also reported. Material whose 
u**> content ranged from normal to 2.779 wt. % 
was blended and, from isotopic analyses, was 
determined to be within 0.01 wt. Gof the de- 
sired 1.25 wt. % U**. 


The factors affecting the hydrogen content of 
dingot uranium are being studied at Battelle.’ 
The stated objective of this study is to determine 
the kinetic behavior of hydrogen in the thermite 
reaction as it is related to the water content of 
bomb charges. The permeation of the slag 
(MgF,) by hydrogen, the viscosity of the slag, 
and the effect of minor constituents on the 
viscosity are specific subjects being investi- 
gated. Considerable experimental difficulties 
are being experienced because of the corrosive 
nature of the molten slag. 


Further studies relating to unalloyed uranium 
are in progress. Efforts are continuing in the 
theoretical study of the variables involved in the 
solidification of uranium ingots. Results to date 
have established the validity of the method of 
analysis employed, and additional refinements 
in the mathematical model that describes the 
heat flow in the casting are in progress. Another 
study, an investigation into the chemical reac- 
tions which take place during the vacuum melting 
of uranium, has been initiated recently.? The 
role of impurities in these reactions is being 
studied by analyzing the melt and outgassing 
products. 


The quality of Zircaloy has been of interest 
to several fuel-element fabricators. Zircaloy 
has been examined from several viewpoints, and 
evaluations of various materials have indicated 
there is some lack in quality controlfrom melt- 
ing practice to primary fabrication. Argonne 
has commented on the losses caused by the poor 
quality of Zircaloy-2 ingots.’ A 5 to 10 per cent 
loss was attributed to porosity, tungsten in- 
clusions, and laps and seams present in the 
ingots. Bettis reports the continuing difficulties 
caused by stringers that become evident during 
the corrosion screening of cladding material. 
No identification was made of the materials 
responsible for the stringers and no success was 
achieved, with commercial treatments, in sal- 
vaging material that exhibited this poor corros- 
ion resistance. However, vacuum arc-melting 
techniques were found to minimize or eliminate 
stringering, and a major portion of production 
melting is now done by the vacuum consumable- 
electrode arc-melting process. 


Hot and Cold Working 


Fabrication studies performed at Battelle’ 
show that a uranium-20 wt. % niobium alloy is 
fabricable at room temperature and at 1500 and 
1700°F in a titanium jacket. An 80 wt. % niobium 
alloy broke up under similar conditions. 

An examination by Knolls of Zircaloy forged 
from 12-in.-diameter ingots to 2°4- to 3°4-in.- 
diameter rods determined that several types of 
defects were present.‘ Of the rods examined 
over a 4-month period, 77 per cent were free 
of defects. The four typicaldefects were (1) sur- 
face cracks and cold shuts too deep to be re- 
moved by normal machining cleanup, (2) in- 
ternal radial cracks, (3) center bursting, and 
(4) center porosity. Although ingot shrink pipe 
caused a portion of the internal defects, center 
burst and radial cracking could be related to 
faulty forging practices aggravated to some ex- 
tent by the columnar-grained ingot. The study 
indicates that close forging controlis necessary 
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and that extrusion fabrication procedures would 
improve the over-all quality of the rods. 
(E. L. Foster, Jr.) 


Cladding 


Roll Cladding 


Methods of eliminating “dog boning” and of 
improving surface finish of roll-clad fuel plates 
have been investigated. 

“Recessed cover plates” were used in the 
processing of fuel plates. Examination of the 
fuel plates by nondestructive tests revealed that 
dog boning in Zircaloy-clad uranium-zirconium 
fuel plates had been eliminated with the use of 
this type of cover plate. It was necessary to 
weld the core to the Zircaloy-2 “picture frame” 
to eliminate dog boning of core ends in the 
picture frame type of fuel elements. 

Improved fuel-plate surface properties and 
improved dimensional uniformity were obtained 
when thicker protective carbon-steel outer packs 
were used to process fuel elements for the Ex- 
perimental Boiling Water Reactor (EBWR). 


(E. S. Hodge) 
Pressure Bonding 


The French® are investigating the use of a 
hydrostatic bonding technique for the cladding 
of fuel elements. Uranium slugs are clad with 
magnesium by use of an oil pressure of 40 kg/ 
cm’ at 752°F. The thermal expansion of mag- 
nesium is about twice that of uranium; con- 
sequently, after pressing, the magnesium re- 
mains in contact with the uranium at lower 
temperatures. 

Several laboratories are investigating pres- 
sure-bonding techniques for the preparation of 
Zircaloy-clad flat-plate uranium dioxide fuel 
elements. In the work at Battelle,”**" bonding 
is achieved by the use of a helium gas pressure 
of 10,000 psi at a temperature of 1550°F. The 
components to be bonded are cleaned, assembled, 
sealed in an evacuated envelope, and pressure 
bonded. The surface condition of the Zircaloy 
has a pronounced influence on the resultant 
quality of the bond. Optimum bonding is achieved 
with either hot-rolled or annealed Zircaloy which 
is surface finished by machining or by a grit- 
belt-abrasion process. The bonds exhibit com- 
plete grain growth across the interface and 
almost no contamination along the original bond 
interface. 
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A combination brazing and gas pressure- 
bonding technique is being investigated by Bettis’ 
for the preparation of flat-plate uranium dioxide 
fuel elements. The Zircaloy components are 
plated with nickel by a chemical replacement 
technique. They are then assembled, sealed by 
fusion edge welding, and subjected to 60 psi of 
helium gas at a temperature of 1850°F, which 
is above the nickel-zirconium eutectic tem- 
perature. 

Knolls has also been investigating techniques 
for the cladding of compartmented flat-plate 
uranium dioxide fuel elements. Cursory pres- 
sure-bonding studies have been conducted in 
vacuum at elevated temperatures using a static 
load to apply pressure. A sandwich type speci- 
men consisting of two Zircaloy plates was bonded 
at 825°C for 20 hr with a pressure of 1000 psi. 
An excellent bond was obtained with complete 
grain growth across the original interface. A 
three-plate fuel assembly incorporating Al,O, — 
15 vol. % UO, fuel was also bonded under a pres- 
sure of 2000 psi at 825°C for 20 hr. Metallo- 
graphic examination revealed grain growth 
across 80 per cent of the bond interface. No 
mention was made of the prior heat-treatment 
or surface-conditioning treatment employed for 
the Zircaloy. 

A gas pressure-bonding technique is being 
utilized by Battelle for the bonding and cladding 
of zirconium subassemblies in a one-step op- 
eration. A subscale 2- by 2- by 6-in. subassem- 
bly has been bonded in 5 hr at 1550°F using a 
helium gas pressure of 10,000 psi. The clad 
and core components were assembled in a light 
stainless-steel can which was evacuated and 
sealed. Excellent dimensional control was 
achieved without the use of external jigging. 
Bonding was influenced by the heat-treatment 
and surface condition of the Zircaloy, as in the 
studies involving the Zircaloy cladding of ura- 
nium dioxide fuel elements. 

Several studies are being conducted to obtain 
a better understanding of the bonding process. 
Results from these studies are especially ap- 
plicable to the pressure-bonding processes. 
The effect of pressure on the kinetics of diffu- 
sion occurring at the interface between two 
dissimilar metals is being investigated by 
Sylvania.*"® Previous work has shown the in- 
fluence of pressure on an aluminum-nickel 
diffusion couple. Growth at the interface was 
retarded, and the formation of the Ni,Al, phase 
was suppressed with an increase in pressure. 
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Current investigations are concerned with the 
diffusion kinetics of the aluminum-uranium sys- 
tems. Several diffusion couples have been heat- 
treated in a temperature range from 520 to 
570°C under a pressure of 1'/, and 5 tsi. Re- 
sults of these tests are presented in Table V-1. 


Table V-1 THICKNESS OF UAIl, LAYER FORMED AT 
ALUMINUM-URANIUM INTERFACE UNDER VARIOUS 
CONDITIONS OF TEMPERATURE, TIME, 

AND PRESSURE (SYLVANIA DATA”) 





Av. thickness Standard 





Temp., Pressure, Time, of UA], layer, deviation, 
"Cc tsi hr mm mm 
520 5 8 2.365 +0.022 
520 5 16 3.426 +0.052 
520 5 24 4.218 +0.028 
520 14 24 2.552 +0.351 
560 5 16 4.148 +0.037 
560 5 24 5.027 +0.064 
560 5 29 5.577 +0.120 
570 5 8 3.146 +0.029 
570 5 16 4.418 +0.045 
570 1'4 24 4.284 +0.130 





An increase in pressure resulted in greater 
growth at the interface. This is contrary to the 
results obtained for the aluminum-nickel sys- 
tem but is in agreement with results reported 
by LeClaire and Bear." It is significant that a 
common relation does not exist between pres- 
sure and the kinetics of diffusion for all systems. 

Battelle**’ is conducting a study of bonding 
fundamentals. This study utilizes a simulated 
Single asperity consisting of a gold needle with 
a hemispherical point brought into contact with 
a flat gold plate. The degree of bonding is meas~ 
ured by a normal force to rupture the bond or 
by electrical-resistivity measurements. The 
bond strength has been found to increase in 
proportion to the applied load. It is postulated 
that the bond can be separated into the following 
areas: (1) area formed instantly through ad- 
hesion under applied load, (2) area formed by 
diffusion, and (3) area formed from effects of 
creep if the loadis maintained. (S. J. Paprocki) 


Vapor Deposited Coatings 


As part of an effort to obtain high-temperature 
oxidation-resistant coatings on molybdenum, 
tungsten, and tantalum, work at Georgia Institute 
of Technology’? explored vacuum evaporation 
and sputtering of aluminum, silicon, nickel, and 
rhodium on a molybdenum substrate. To obtain 
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thicker coatings, equipment was designed and 
operated in which powdered metals were en- 
trained in a gas stream, blown through an elec- 
tric arc, and impinged on the surface to be 
coated. This met with only limited success. 
Exploratory work was also done on the sili- 
conizing of molybdenum by the hydrogen re- 
duction of silicon tetrachloride, a technique 
reported extensively by a number of others. 
The molybdenum disilicide coatings protected 
the molybdenum from oxidation at 1500°F so 
long aS no gross imperfections existed. The 
above methods were abandoned in favor of flame 
spraying of ceramic powders. 

(J. M. Blocher, Jr.) 


Welding and Brazing 


Work of general interest on welding reactor 
core materials has been published recently. 
Workers at Harwell'® experimented with inert- 
gas-shielded tungsten-arc welding, projection 
welding, and upset butt welding for the fabrica- 
tion of unbonded Zircaloy-2-—clad fuel elements 
with metallic cores. As had been found in 
previous work in this country, they observed 
that weld area contamination with oxygen and 
nitrogen rendered the Zircaloy more suscepti- 
ble to aqueous corrosion. The method selected 
for production welding was the tungsten-arc 
process, carried out in a vacuum-purged dry 
box. 

Studies of the welding of uranium at Alder- 
maston'* and Los Alamos'® have also been 
published. Satisfactory welds were obtained by 
inert-gas-shielded tungsten-arc welding and 
resistance spot welding. No evidence of any 
tendency for uranium to crack during welding 
because of hot shortness was observed using 
the Houldcroft crack-sensitivity test. 

(R. E. Monroe) 


Nondestructive Testing 


A bibliography of reports on flaw detection by 
radiographic, ultrasonic, eddy-current, and 
“frost-test” methods has been prepared by 
Lanier.’ A compilation by Smith and Scott'’ 
includes, in addition to the above, literature on 
penetrant, leak testing, and electromagnetic 
techniques and information on the availability 
of the reports. There are not many duplications 
in these two bibliographies. 
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Two recent review articles by McGonnagle 

discuss the techniques and limitations (quanti- 
tative values for sensitivity in several instances) 
of the most widely used nondestructive testing 
techniques. It is pointed out'® that the frost 
test as normally employed (clad specimen coated 
with acenaphthene and passed through an induc- 
tion heater). may not reveal partially bonded 
areas or areas having a minimum dimension 
of less than ‘4 cm. Temperature-sensitive 
phosphor coatings are more discriminative but 
require observation under ultraviolet light while 
in the transient-temperature state. 

Many applications and techniques for ultra- 
sonic inspection of materials and finished ele- 
ments are reported. Stedronsky*’ of Du Pont 
describes in detail an automatic scanning mecha- 
nism for nonbond detection of ribbed tubular 
elements. The electronic circuit had been de- 
scribed previously by Hanford.”! The possi- 
bilities (geometrical) for transmission inspec- 
tion of hollow cylinders have also been 
discussed.” A probe located inside the cylinder 
would have many advantages but presents de- 
sign problems for production scanning devices. 
It is also reported”® that pulse-reflection tech- 
niques will detect seams and striations 1 to 2 
mils deep and '% in. long and subsurface voids 
up to 6 mils beneath the surface of uranium 
slugs. However, the instrument is not sensitive 
to dents or inclusions. Bettis has found that 
immersed ultrasonic transmission will locate 
95 per cent of all core-cladding unbonded areas 
, in. in diameter or larger. 

Argonne”! reports the successful bond. testing 
of 8 EBWR fuel plates, after they had been 
welded into a subassembly, with the use of a 
specially built two-arm probe. The development 
work on an ultrasonic “fluoroscopy” unit in 
which 4-in.-square crystals will be used is 
mentioned. One crystal consists of a mosaic 
of 196 segments, each of which can be excited 
independently. By combining this with a video 
sweep of 30 frames per second and z-axis 
modulation, a visual image of the test object 
can be obtained. 

One of the difficult problems in the develop- 
ment of nondestructive inspection techniques is 
determining the sensitivity of any new instru- 

ment to the various sizes and types of flaws 
that need detection. There are several ap- 
proaches to this problem. Battelle has used 
mercury-tank models to establish optimum 
probe geometry and sensitivity (under ideal 
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conditions) of the electrical-potential method 
of tie-bar weld inspection. As a final evaluation 
of the technique, a statistical correlation of 
inspection results with destructive examination 
of a large number of production welds is 
planned.” Hanford reports that the final determi- 
nation of rejection limits of the redesigned 
frost-test apparatus for bond inspection of 
*%%-in.-diameter Zircaloy-clad elements must 
await fabrication of elements for inspection 
and destructive examination. Sylvania-Corning'® 
is having difficulty fabricating sample fuel 
plates with intentional flaws for calibration of 
ultrasonic bond-testing equipment. Knolls*® has 
coextruded 35 fuel elements containing tungsten 
and oxide inclusions in the core; seam laps, 
folds, pits, and unsized areas; and scratches 
and copper stringers in cladding. These are to 
be used by Metals and Controls and Olin- 
Mathieson to calibrate their ultrasonic and 
eddy-current equipment. (W. H. Goldthwaite) 


References 


1. John W. Simmons, editor, Summary Technical 
Report for the Period July 1, 1957, to Sept. 30, 
1957, NLCO-690, October 1957. (Confidential AEC 
report.) 

2. R. W. Dayton and C. R. Tipton, Jr., Progress Re- 
lating to Civilian Applications During November 
1957, BMI-1238, Dec. 1, 1957. (Unclassified AEC 
report.) 

3. R. E. Macherey, C. H. Bean, N. J. Carson, Jr., 
and J. R. Lindgren, Manufacture of Fuel Plates for 
EBWR, ANL-5629, June 1957. (Unclassified AEC 
report.) 

4. R. F. Lupi, Macroscopic Examination of Zircaloy- 
3A and Zircaloy-2 Primary Extrusion Billet Ma- 
terial, KAPL-M-RFL-8, May 3, 19657. (Unclassi- 
fied AEC report.) 

5. M. Gauthron, Thermopneumatic Cladding, Fuel 
Elements Conference, Paris, Nov. 18-23, 1957, 
TID-7546, Book 1. (Unclassified AEC report.) 

6. R. W. Dayton and C. R. Tipton, Jr., Progress 
Relating to Civilian Applications During September 
1957, BMI-1226, Oct. 1, 1957. (Unclassified AEC 
report.) 

7. R. W. Dayton and C. R. Tipton, Jr., Progress 
Relating to Civilian Applications During October 
1957, BMI-1232, Nov. 1, 1957. (Unclassified AEC 
report.) 

8. Westinghouse Atomic Power Division, Dec. 20, 
1957. (Unpublished.) 

9. L. W. Kates, Technical Progress Report for the 

Period July 1 to Aug. 31, 1957, SCNC-254, Dec. 

15, 1957. (Secret AEC report.) 











1 


1) 





CLADDING AND STRUCTURAL MATERIALS 43 








hod . L. W. Kates, Monthly Technical Progress Report 18. W. J. McGonnagle, Nondestructive Testing of 

ion for the Period Ending Sept. 30, 1957, SCNC-256, Reactor Fuel Elements, Nuclear Science and 

- of Dec. 15, 1957. (Secret AEC report.) Engineering, 2: 602-616 (September 1957). 

on 11. A. D. LeClaire and I. G. Bear, The Interdiffusion 19. W. J. McGonnagle, Nondestructive Testing of 
: of. Uranium and Aluminum, Journal of Nuclear Reactor Components, Nucleonics, 15(10): 78-81 
1s Energy, 2: 229-242 (1956). (October 1957). 

ni- 12. J. D. Walton, R. B. Belser, and N. F. Ponlos, 20. V. E. Stedronsky, Nonbond Detector for Ribbed 

ned Investigation of High-temperature-resistant Ma- Tubes, DP-240, September 1957. (Confidential 
of terials, Quarterly Report Nos. 1 through 8, Mar. AEC report.) 

ust 15, 1955 to Mar. 15, 1957. (Available from Engi- 21. R. W. Leep and J. D. Ross, ASimplified Electronic 

‘ion neering Experiment Station, Georgia Institute of Circuit for Ultrasonic Inspection, DP-120, January 

ig’? Technology, Atlanta, Ga.) 1956. (Unclassified AEC report.) 

lent 13. J. G. Purchas, D. R. Harris, and H. Cobb, The 22. C. L. Frederick, Evaluation of Ultrasonic Attenua- 

Welding of Zircaloy-2, British Welding Journal, tion Techniques for Testing Hollow Uranium Cores 

a of 42(9): 412-421 (September 1957). for Transformation, HW-48875, Mar. 5, 1957. 

has 14. J. R. C. Gough and D. Roberts, The Welding of (Confidential AEC report.) 

ten Uranium, British Welding Journal, 42(9): 393-403 23. C. E. Fitch, Jr., Ultrasonic Detection of Surface 

ips, (September 1957). Defects in Uranium, HW-51979, Sept. 3, 1957. 

hes 15. Los Alamos Team Favors TIG for Titanium (Unclassified AEC report.) 

> to Welds, Welding Engineer, 42(12): 72 (December 24. Metallurgy Division Quarterly Report for October, 

lin- 1957). November, and December, 1956, ANL-5709, Dec. 

and 16. Sidney F. Lanier, Technical Information Service 31, 1956. (Confidential AEC report.) 

5 Extension, July 1957. (Unpublished.) 25. R. F. LupiandC. M. Olds, Fabrication of Defective 

ite) 17. R. J. Smith and T. W. Scott, comp., Nondestructive Fuel Elements as Standards for the Calibration of 

Testing, A Literature Search, TID-3521, Novem- Nondestructive Test Equipment, KAPL-M-RFL-9, 


ber 1957. (Unclassified AEC report.) July 5, 1957. (Unclassified AEC report.) 






























ted 
A M 
le te 


Va 
states, r the Commissi 
a Warttanty or rec 


ilness 
thod, 


se f 





of the inforn 








tewak BOTICEW 





— 


npilied, wit espe [ é i 
$ er that the use of a 
gocume 4 t I gé ate | 
ior @ ages x the sf 
this do e 
. | 
iss Je : ee } 
ee tr < 4 repare da e j 
’ emt ent tra wit é 








